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ABSTRACT

The applicability of the weak-localization theory to highly ordered quasicrystals
raises the question of whether or not the long-range order in these alloys can be
reconciled with the electronic disorder. This study did not detect any unusual structure-
induced contribution to the resistivity at low temperatures other than those known for
metallic glasses.

The temperature dependence of the resistivity in icosahedral quasicrystals of high
structural quality showed that the transport behaviour of these alloys at low temperatures
can be satisfactorily explained ir terms of conventional weak-localization and electron-
electron interaction theories. The temperature dependence of the resistivity in weakly
disordered (low-resistivity) alloys can be explained qualitatively in terms of the classical
theories extended to liquids and disordered alloys. The experimental evidence shows the
existence of a close relationship between the icosahedral quasicrystalline structure and the
weak localization tendency of the electronic states at the Fermi level. To explain the
temperature dependence of the resistivity at high temperatures additional models based
on the concept of the band transition and hopping have to be invoked.

In the high-resistivity stable icosahedral Al-Cu-Ru alloy the insulating-like
(electron hopping) behaviour was found to dominate the electron transport even at low
temperatures. This causes the deviations from the weak-localization theory and is due to
the enhancement of the density of localized electronic states at the Fermi level.
Consequently, the Anderson localization is collapsed in the vicinity of the metal-insulator
transition.

The values of the correlation gap in the Al-Cu-Fe-Mn icosahedral system suggest
a considerably different nature for the pseudogap around the Fermi level in amorphous
and icosahedral phases. However, unless an ideal quasicrystal belongs to the metal-
insulator transition region (if it exists), the weak-localization theory will be the most
appropriate tool to investigate the low temperature electron transport properties in
icosahedral phases.
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CHAPTER 1

INTRODUCTION

Since the discovery of the Al-Mn alloy with icosahedral point-group symmetry
and no translational symmetry (Shechtman et al. 1984), much effort has been devoted to
explore the expected unusual properties of this new class of materials. These alloys are
known as quasicrystals (QCs). Before the year 1987 all of the QCs found were
thermodynamically metastable. Since 1987 more than 20 thermodynamically stable QCs
have been discovered. These stable QCs are charact.erized by the high structural quality
comparable with that of the best crystalline alloys. X-ray diffraction (Stadnik and Zhang
1995), high-resolution electron microscopy (HREM) (Chen et al. 1990), transmission
electron microscopy (TEM) (Angale et al. 1988), and scanning tunnelling microscopy
(STM) (Kortan et al. 1990) investigations show a high degree of structural order for
icosahedral (i) QCs. The crystallographic studies showed that the x-ray diffraction patterns
of i-QCs can be indexed satisfactorily by the icosahedral point group symmetry. The
quasicrystals occur predominantly as icosahedral and decagonal (d) (Bendersky 1985)
alloys.

Full determination of a crystal structure of QCs is still an unsolved problem. The
important question is whether new transport properties are associated with the
quasiperiodic order characteristic of QCs. The first studies of the transport properties of

QCs did not show a major deviation from the properties known for amorphous and
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crystalline counterparts. However, as it became known later, the existence of a few
percent of contaminant phases, phason strain (Goldman and Widom 1991, Lubensky et
al. 1986) or dislocations in the studied samples can drastically change the transport
properties of QCs. Phasons are elementary excitations associated with the local structural
rearrangements in QCs. In many cases, dramatic changes in transport features are caused
by small amount of fcc aluminum contaminant phase or approximant phases (Poon 1993)
which may occur during the production of QCs. Often such a small amount of impurity
(phase) can not be detected even in a high-resolution neutron or x-ray diffraction pattern.
It has been shown experimentally (Mizutani et al. 1991, Kimura and Takeuchi 1991,
Biggs et al. 1992) that annealing of an i-alloy for a few hours (typically 48 hours) can
partly eliminate the phason strain, leading to a larger resistivity and to a larger
temperature coefficient of resistivity (TCR). This is exactly opposite to the case of
crystalline alloys in which an improvement of the sample structural quality lowers its
resistivity.

QCs are characterized by an unexpected high resistivity. Also a small variation in
their composition leads to a drastic change in the residual resistivity value. The recent
discovery of stable QCs, such as Al-Cu-Fe (Tsai et al. 1987), Al-Cu-Ru (Tsai 1988), and
Al-Pd-Re (Akiyama et al. 1993b) ternary systems, have initiated new experimental studies
of these alloys. The resistivities in these alloys are much higher than those known for
corresponding metallic glasses, and are usually associated with a negative TCR. In the
newly discovered QCs of the Al-Pd-Re system the residual conductivity is 10 (Qcm)*

(py~0.1Qcm) (Akiyama et al. 1993b). This is much lower than the Mott minimum
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metallic conductivity of 200 (Qcm)! (Mott 1987). The recent studies have revealed that
high resistivity is an intrinsic property of QCs.

The origin of the high resistivity in stable QCs has been considered to be the
combination of the two dominant effects. The first is associated with the existence of a
wide pseudogap in the electronic density of states (DOS) at the Fermi level (Wagner et
al. 1990, Pierce et al. 1993b), which is believed to be caused by a strong interaction
between the Fermi surface and the Brillion-Jones zone boundary (FS-JZB) (Poon 1992).
This effect has been related to the Hume-Rothery-like phase stabilization mechanism
(Friedel 1988, Fujiwara 1994b). The second effect invokes the localization tendency of
the electronic states near the Fermi energy (Kohmoto et al. 1983). The existence of the
pseudogap at the Fermi level in QCs has been concluded from specific-heat (Wagner et
al. 1988, Mizutani et al. 1990) and spectroscopic (Sadoc et al. 1993, Belin 1992)
measurements.

Systematic studies of the resistivity show that the electron transport properties in
both amorphous and quasicrystalline alloys can be explained in the scope of an identical
theory, the so-called weak-localization theory. The weak-localization theory was originally
developed for highly disordered systems (Lee and Ramakrishnan 1985). Therefore, it is
concluded that QCs are electronically disordered. However, this seems to be at variance
with the long-range order observed in the x-ray diffraction pattems. Some of the
researchers believe that the application of Anderson localization theory to high-quality
QCs is unjustified (Pierce et al. 1994). However, there still remains the question of

applicability of this theory to highly ordered QCs.
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Theoretical studies show (Lee and Ramakrishnan 1985) that a finite disorder in one

and two dimensions will cause the electron localization, leading to a new type of
electronic structure. Calculations for the Fibonacci chain (Kohmoto et al. 1983), which
is a one-dimensional analog of the Penrose tiling, have revealed the localization tendency
of electronic states. Consequently, the energy spectrum has been sliown (Smith and
Ashcroft 1987) to be singular continuous, i.e., neither continuous nor point-like. The
eigen-states were shown (Kohmoto et al. 1987) to be critical, i.e., neither localized nor
extended. The critical electronic states have also been suggested for two- and three-
dimensional quasiperiodic structures (Niizeki and Akamatsu 1990).

Since the discovery of an insulating-like behaviour in the highly ordered Al-Pd-Re
system (Pierce et al. 1994), which shows pronounced deviations from weak localization
theory, several models have been proposed to describe the anomalous transport behaviour
of QCs. Of these models, the variable range hopping {Tamura et al. 1995), local hopping
between structural entities (Phillips and Rabe 1991), and band structure (Mayou et al.
1993) models are the best known. Band structure calculations (Smith and Ashcroft 1987,
Fujiwara et al. 1994a) show sharp Van-Hove singularities in the DOS. The increased
intraband transition resulting from the spiky structure (Fujiwara et al. 1993, Fujiwara
1989) in the calculated DOS leads to the enhanced electrical conductivity at higher
temperatures and additional features in the optical conductivity (Burkov et al. 1992). The
existence of the spiky structure in the calculated DOS (Fujiwara et al. 1993) with very
narrow peak widths (typically of the order of 0.01-0.02 V) supports the model associated

with the band transition and local hopping of electrons at higher temperatures. These
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transitions can occur between neighbouring states differing slightly in energy (Poon 1992).
The strong compositional dependence of the quasicrystalline alloys has been also related
to the band structure effect (Laissardiére and Fujiwara 1994a, Carlsson 1991, Pierce et

al, 1993c).

1.1) PURPOSE OF THE THESIS

In this work the temperature dependence of the resistivity in several i-QCs in the
temperature range 10-300 K is studied. The question of the applicability of the weak-
localization theory to quasicrystalline alloys, which may reveal the influence of the new
structure on the electron transport properties, is addressed. The investigation of the
electron scattering mechanisms in i-QCs, which is the main part of this study, may
provide a useful picture of the electron behaviour in this quasiperiodic structure. The
electron scattering phenomenon is studied in two subsections. First, the classical
predictions for the disordered systems are applied to the QCs. Then, the temperature
dependence of the resistivity in these QCs is studied in terms of the quantum interference
effect. This study aims at finding possible deviations from the existing conventional

theories.
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1.2) SCOPE OF THE WORK

The temperature dependence of the resistivity in the temperature range 10-300 K
in eight paramagnetic or diamagnetic and two magnetically ordered i-QCs is discussed
within the framework of the classical and new quantum theories. The resistivity of an
amorphous alloy has also been measured to compare the electron transport behaviour in
different systems. The quality improvement due to the elimination of the crystalline phase

by etching method has been also studied in the Alg,Cu,ssFesMn,;5 sample.



CHAPTER 2

THEOQORETICAL REVIEW OF TRANSPORT PROPERTIES OF ALLOYS

Many experiments on the electron transport properties of alloys have shown that
the physical aspects of the electron transport in high-resistivity metallic glasses
(amorphous alloys) can't be described by the classical theory. Even the treatment of the
low-resistivity disordered alloys in the classical models, such as the nearly-free electron
model, requires knowledge of the pseudo-potential caused by the disordered structure. For
the interacting electrons in a highly disordered structure the electron wavevector k is no
longer a good quantum number. Therefore, the concept of a well defined Fermi surface
looses the meaning and the nearly-free electron assumptions become invalid . In the low
mean-free path (strong disorder) limit, the electrons carry the charge diffusively rather
than in a Boltzmann classical trajectory. As it will be discussed later, in this limit the
electron transport behaviour can't be described in terms of the classical theories and the
quantum corrections should be taken into account.

The classical and quantum theories developed to interpret the experimental data
of disordered systems are discussed in this chapter. First the classical models are put
forward to see how far the properties of metallic glasses and QCs can be understood in
terms of the conventional theories and where they seem to be inadequate. Then the
guantum corrections to the classical theories, which are nessesary to explain the transport

properties of strong-scattering alloys, are reviewed. At the end of this chapter the variable
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range hopping and phonon assisted tunnelling models, which describe the insulating-like

behaviour observed in high resistivity QCs, are discussed.
2.1) FREE-ELECTRON MODEL

In this model the electrical resistivity arises only from the incoherent scattering
of the electrons. Therefore, an ideal crystalline metal without any defects has infinite
conductivity at absolute zero temperature. At finite temperature, the resistivity is caused
by the thermal vibrations of ions. Other mechanisms of the electron scattering are caused
by chemical impurities, defects, and sutface scattering which (to a good approximation)
are temperature independent. The electrical resistivity in this model can be described by

the simple relation (Kittel 1986):

p=m/ne?t , (1)

where p is the resistivity, T is the electron scattering relaxation time, n is the electron
density, and m is the electron mass. The electron scattering rate, which is the reciprocal
of the scattering relaxation time, can be considered as the sum of several terms, such as
elastic, inelastic, impurity scattering, etc. The anomalous electron transport behaviour

caused by the band structure of the material can't be understood within this model.



2.2) NEARLY-FREE ELECTRON THEORY

This model explains (Kittel 1986) the unusual electronic transport properties, such
as the positive Hall coefficient, the band transition in semiconductors, and many other
electron transport aspects which could not be described by the free-electron model. The
problem of impurities, defects, and topological disorder in crystalline materials can be
approximately treated in the scope of the perturbed Bloch states. Introduction of the Bloch
states in this model does not introduce an additional mechanism for the resistivity in a
crystalline system since the resistivity is caused only by the incoherent scattering of
electrons. In the liquid (disordered) metals and amorphous atloys the Bloch assumption
is not valid and the problem of evaluation of the transport phenomenon depends on the
knowledge of the potential caused by the disorder. The problem of the resistivity
calculation in disordered systems is twofold. The first problem is how to treat the
amorphous structure, which is still unsolved. The second problem is how to calculate an
electron-wave packet diffracted from this structure. The nearly-free electron theory was
extended to disordered systems by Ziman in 1961 (Ziman 1961). Ziman's model
overcomes both problems associated with the resistivity treatment by the direct use of the
experimental structure factor. Consequently, the electron scattering probability is

calculated from the experimental x-ray or neutron diffraction pattern.
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2.3) ZIMAN MODEL

In the original Ziman model it is assumed that the electrons in the alloy can be
described by plane waves and consequently the concept of the Fermi surface is well
defined. This is applicable only in the limit of k1.>>1, where k; is the Fermi wavevector
and 1, is the electron mean-free path, This condition is fulfilled only for low-resistivity
amorphous and liquid metals. However, for high-resistivity disordered alloys the disorder
parameter (kgl,) can be of the order of unity (Howson and Gallagher 1988). This model
also assumes that the Born approximation is valid, i.e., the scattering potential interacting
with the electrons can be treated by the first order perturbation theory. This treatment can
be carried out by choosing an appropriate pseudo-potential, which is not unique and
which requires detailed knowledge of the partial structure factor. Finally, the model
assumes that k1,>1 for which the Boltzmann equation is applicable. The last assumption
is implicitly mentioned in the first (kgl,>>1).

The above assumptions are all satisfied for simple amorphous and simple liquid
metals and good agreement between the experiment and the theory is achieved. However,
the effect of s-d scattering, which causes the high resistivity in transition-metal containing
alloys, is not considered in this model. This model also neglects the multiple scattering
effect which causes the deviations from the Boltzman transport equation for highly
disordered systems. In principle, the interference of waves from different scattering
centres should be taken into account (multiple scattering). In the Ziman model only the

interferences between waves from a pair of atoms are taken into account {first order
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perturbation).

The current is assumed to be carried by an unmodified free-electron band.
Therefore, this model is unable to explain the electron transport in liquid transition metals
in which hybridization or mixing of the bands play an important role in controlling the
free-electron DOS at the Fermi level. To obtain the exact magnitude of the resistivity in
the Ziman model one needs to calculate the relative intensity of the scattered wave from
the structure factor and combine it with the cross section of an individual ion. Integration
of the scattering probability of an individual electron over all possible k-vectors within

the Fermi surface leads to the resistivity formula (Howson and Gallagher 1988):

1
_ (3mnet 2 g -9 (2)
P = Gy { V@RS 4G PG

where V(q) is the comresponding pseudo-potential, Se(g) is the resistivity structure factor,
vr is the Fermi velocity, and &, is the Fermi wavevector. The temperature dependence of
the resistivity in this model comes from the temperature dependence of the structure
factor.

The appropriate integral for the resistivity structure factor (given below) contains
a weight function which takes into account the inelastic scattering of the electrons by
phonons, within the energy range of ~KkT, and the elastic contribution, The following

expression describes the resistivity structure factor in terms of the experimental structure
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factor (Howson and Gallagher 1988):

S(9) = ’fdm.S(q,m) X , (3)
o (e *-1)

where x=hw/kT and S(g) is the measured structure factor from the conventional x-ray

diffraction pattern. At temperatures comparable to the Debye temperature (), the effect

of the weight function becomes small and the resistivity structure factor will be essentially
the same as the experimental structure factor.

At low temperatures the elastic electron-phonon scattering contribution is reduced

by the Debye-Waller factor with increasing temperature (Howson and Gallagher 1988).

Then, the low temperature (T«0,) dependence of the resistivity becomes:

p(T) = po(1-aT? , (4)

where p,, is the residual resistivity, and @>0. The magnitude of the inelastic contribution
is expected to be twice larger than that of the elastic contribution and it leads to the
increase of the resistivity with increasing temperature (Howson and Gallagher 1988).

Consequently, the resistivity changes the form to:

p(T)=po(1+aT?). (5)

The +T? dependence has been observed in many low-resistivity amorphous alloys, such
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as FeyB,,.,C, (figure (1)), and is known to be a characteristic of the multiphonon
scattering in disordered systems. However, for some of the high-resistivity alloys a -T?
term is found instead of +T*term. To interpret this inconsistency within the Ziman model,
this effect has been related to the phonon ineffectiveness in the low mean-free path
regime. The phonon ineffectiveness occurs when the inelastic scattering of the short
mean-free path electrons by the long wavelength phonons becomes less dominant
(Howson and Gallagher 1988). The Ziman model is successful in describing the
temperature dependence in simple (non-transition) crystalline and amorphous alloy.
However, this model is unable to describe the negative TCR observed in many amorphous
alloys since the contribution from the inelastic scattering is always larger than the elastic

contribution.
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24) TRANSITION METALS AND ALLOYS

These metals and alloys are characterized by atoms with unfilled d or f bands.
Electrons in these alloys can bz scattered to the high density and unfilled d or f band. In
the transition metal containing alloys the scattering of the s electrons introduces an
additional resistivity mechanism. The d wave functions of electrons in these alloys overlap
less in compatison to the s or p wave functions and form narrower and flatter d bands
with a high DOS. Consequently the s and p electrons have higher velocities than d
electrons and carry most of the current. The modification of the s bands due to the
presence of a half-filled d band is called the hybridization effect. The hybridization effect
(figure (2)) strongly modifies the shape of the dispersion curves, leading to a “S" shaped
band structure (figure (3)).

The hybridization effect also leads to anomalous transport behaviour, such as the
positive Hall coefficient (Dugdale 1987) in the strong hybridization case. The resulting
negative group velocities, obtained for electrons within the energy range of E1 and E2
(figure (3)) leads to a positive Hall coefficient. The sign change of the Hall coefficient
with temperature has been observed in QCs (figure (4)) which is believed to be due to
the band structure effect (Howson and Gallagher 1988). The unusual negative magneto-
conductivity in some of the transition metal containing alloys has also been related

(Howson and Gallagher 1988) to the hybridization effect.
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2.5) EXTENSION OF THE ZIMAN MODEL TO TRANSITION METALS

In order to evaluate the electron transport in a transition-metal containing alloy,
one has to take into account the s electron scattering into unfitled d states. Many attempts
have been made to extend the Ziman theory to transition-metal containing disordered
systems. The major problem is to choose the right pseudo-potential which describes the
interaction between the free-electron s bands and the unfilled localized d bands. By using
a muffin-tin model Evans et al. (Evans et al. 1971) extended the Ziman theory to the
transition metals and alloys. The main difference between this model and the original
Ziman model is that Evans' model does not rely on the Born approximation. The
resistivity is assumed to arise from the back scattering of the incoming electron waves
from the d states. The interference of the free-electron wave with the back-scattered
waves causes a resonance state, the so-called virtual bound state (Friedel 1958), with a
finite life time of HT, where I' is the energy of the resonance state. The following

expression is obtained from Evans’ model for the resistivity (Kaul et al. 1986):

302 H

————————— 1 2
meE ks QO)Sm (ﬂz(EF))Sr(sz) s {6)

p=(

where Egis the Fermi energy, Q,is the atomic volume, 1,(Eg) is the d partial-wave phase

shift, and S;(2k;) is the temperature dependent structure factor.,
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The structure factor is defined by:
SHK) = 1+ (S(E)~Dexp(-2 W, (D) , M

where Sg(k) is the equilibrium structure factor and exp(-2W(T)) is the Debye-Waller

factor. W, (T) in the Debye approximation is given by:

0
T

W)= WO + WO [ s @
0

where:

W(0)=3h?k /8MK,0,,. 9)

Here M is the atomic mass, k is the wavevector, and kg is the Boltzmann constant. The

exact integration from equation (8) gives:

o 30 2
P = (meErlr',- —_}?Q'o)SIn (nz(Eﬁ))
% [1 + (Sy(2k.)-1)exp(-2(W(T)- W(O))]. (10

S, (2k) is the equilibrium structure factor at 0 K, W(0) is defined by equation (9) with
k=K, and the subscript str represents the resistivity which is caused by the potential of
the disordered structure. The exponent W(T) can be estimated for low-temperature (T<0p)

and high-temperature (T20,) limits as W(0)+4W(0)n2/6(T/8,)* and 4W(0)(T/0y),
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respectively. The low-temperature dependence of the resistivity varies as T? and is similar
to that predicted by the original Ziman model. However, the coefficient of the Debye-
Waller factor in equation (10) is the controlling factor for the sign the TCR. Therefore,
a negative TCR can be explained by this model. At high temperatures the expansion of
the Debye-Waller factor leads to a quadratic polynomial function. The quadratic term at
high temperatures is introduced by taking into accout the higher-order term in the Debye-
Waller factor. This quadratic temperature dependence should not be confused with the T
term caused by the electron-magnon scattering in magnetic alloys (Kaul et al. 1986). The
quadratic form of the temperature dependence of the resistivity is commonly observed in
many metallic glasses and QCs (figure (5)). The low- and high- temperature dependencies

can be expressed as:

p=ag+a, T+a, T (high-T) (11a)

p=ay+a,T? (low-T) (11b)

The Debye temperature in this model is approximated as:

By = w2e,'f6(ct, -¢0y) (12)

Also, the TCR (u) is defined as (Kaul et al. 1986):

0=[BW(0)(1-S(2k))/Bp] / [So(2ke)*+(2W(0)(1-So(2ke)) (4T, /05)-1)] . (13)
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It is evident from the estimated & (TCR) value that the TCR is negative if Sy(2kg)>1 and
positive if Sy(2kp)<l. The observed magnitude of the &, in equation (11a) is much
smaller than the magnitude of the linear term (") for the low-resistivity alloys (Kaul et
al. 1986). The magnitude of the T term in equation (11a) depends on the coefficient of
the Debye-Waller factor (1-S,(2kg)) and is indirectly linked to the Fermi velocity via the
k value in equation (9).

Mott (Mott and Jones 1936) used a similar approach to calculate the resistivity of
liquids and amorphous transition metals and alloys. His approach is based on the
fluctuations in the local environment {due to the structural disorder) and assuming that
the mean-free path of the s electrons is much larger than that of the d electrons. Similarly
to the Ziman and Evans’ models, it is assumed that the conduction is caused by an
unmodified free-electron band. However, the electrons are assumed to be more tightly
bound and the high resistivity arises from the high density of the d states at the Fermi
level. The s-d scattering rate can be written as (Howson and Gallagher 1988):

7 = Z’N'NJ(EF) 2mNLER, fllth( Y Y (14)

where N,(Ep) is the density of the d states at the Fermi level, N is the total number of
atoms, and V(r) is a suitable pseudo-potential. For the crystalline case, the term in the
parenthesis (integral) gives the degree of hybridization. For a disordered system (in which
the k selection rule breaks down), equation (14) gives the s-d electron scattering

probability.



This approach approximates the resistivity as:

d(inN,) 2 g2 i) ({nNp)

1__7’.2k27Q 3
P = pol B(——— 7E

1lg) (15)

From equation (15) one gets an almost temperature independent resistivity since the
derivative of the d-DOS can be negligibly small at the Fermi level because of the flat
structure of the d-bands.

In the Evans’ approach the main contribution to the resistivity comes from the
temperature dependence of the structure factor, while the small temperature dependence
in the Mott model comes from the broadening of the Fermi function. Therefore the Mott
model predicts an almost temperature independent resistivity for the transition-metal

containing alloys.
2.5.1) THE GENERALIZED FABER-ZIMAN MODEL

This model attempts to explain the unusual negative TCR observed in many high
resistivity disordered alloys. The temperature dependence of the resistivity in the
generalized Ziman model (Mizutani 19S3i comes from two components. The first
component is the Debye-Waller factor which lowers the resistivity with increasing
temperature. This decrease of the resistivity is due to the quasi-elastic (combination of
elastic and inelastic) contribution of the phonon scattering and is occasionally called the

multiphonon scattering. The second component is the inelastic contribution which always
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increases the resistivity with increasing temperature. Therefore, the temperature
dependence of the resistivity is determined by a delicate interplay between the two

competing terms. The temperature dependence of the resistivity can be written as

(Mizutani 1993a).
p(T) =exp(-2 W(I)Xpy+Ap) , (16)

where the exponential term is the Debye-Waller factor and the second term (in the
parenthesis) is the inelastic contribution. The second term in the formula plays a similar
role as the coefficient of the Debye-Waller factor in the Evans' formula of the resistivity
and controls the sign of the TCR. At low temperatures the contribution of the inelastic
scattering is very small and the temperature dependence predicted by this model is
essentially the same as that from the original Ziman model. At higher temperatures whef'c
T= 6, one can assume a linear temperature dependence for A p (Yung-ping and Dian-;'?i-n
1994). The Debye-Waller factor can be expanded at higher temperatures. Then, the

following dependence can be obtained for high temperatures:
p(T) =(1-BTXpy+aT) = po+ @~ poB)T-aBT? , (17
where it was assumed that (Yung-ping and Dian-lin 1994):

exp(-2W(T)) =1-2W(T) ~1-8T. (18)
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In equation (17) p, is the residual resistivity, « is the parameter describing the electron-
phonon interaction, and 3 is the parameter describing the phonon-phonon coupling. The
temperature dependence of the resistivity in the high- and low-temperature limits in this
model is identical with that from the Evans’ model, although the mechanisms are slightly
different. The phonon-phonon coupling parameter can be estimated as: f=8W(0)/0,, using
the high-temperature term for the Debye-Waller exponent (Kaul et al. 1986), i.e.,

W(T)=4W(0)T/B,,.

2.6) MOOILJ CORRELATION

The origin of the negative TCR in disordered alloys has been a matter of debate
for a long time. An extensive compilation of the data on disordered systems shows the
existence of a correlation between the TCR and the residual resistivity in amorphous
alloys (figure (6)). This has been known as the Mooij correlation and seems to be a
common feature of disordered systems. The correlation indicates (Tsuei 1986, Kaiser
1986) that for amorphous systems the TCR changes sign at 150 pflcm (figure (6)).
Mizutani studied the temperature dependence of amorphous systems (Mizutani 1983) and
QCs (Mizutani 1993a). He pointed out that the Mooij correlation holds only for the d
electron systems (transition-metal containing systems) and that the sign change of the
TCR for the s systems (simple alloys) occurs at much lower resistivity value (around 50
1 Qcm).

A negative TCR in the Ziman model occurs when the upper limit 2k; of the
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integration (equation (2)) coincides with the wavevector k; corresponding to the first peak
in the structure factor. Frésard et al, (Frésard et al. 1990) used a muffin-tin effective
medium approximation (EMA) formalism to evaluate the multiple scattering effect and
showed that the sign of the TCR changes when the energy crosses the conductivity
minimum induced by the Bragg reflections. By evaluating a large number of alloys Kaiser
(Kaiser 1987) concluded that both the increase of the mean-free path with temperature
and the incipient localization are needed to account for the negative TCR. As wiil be
shown later in section 2.8, the inelastic electron-phonon and electron-electron scattering
are the dominant cause of the TCR sign change in the highly disordered systems.
Therefore, for a strong-scattering alloy the weak localization effects are essential to

explain the sign and the magnitude of the TCR.

2.7y SCATTERING FROM TWO-LEVEL STATES (TLS)

It has been observed in many amorphous alloys and QCs (Kimura et al. 1988,
Akiyama et al. 1993a) that the resistivity at low temperatures varies as log(T). This effect,
which can not be explained in terms of the existing classical theories, has been ascribed
to the tunnelling effect. It is based on the fact that in amorphous systems different groups
of atoms can have different equilibrium positions, and thus can be in different states, and
tunnelling between these states can occur. The formulation of the TLS effect has been
reviewed by Baeck and Czycholl (Baeck and Czycholl 1984). It is based on the coherent

potential approximation transport theory which shows a good agreement with the



experimental findings.

The TLS effect is analogous to the Kondo magnetic scatteting effect in the sense
that both effects show a log(T) dependence of the resistivity (Kimura and Takeuchi 1991)
at low temperatures. The Kondo magnetic scattering, which arises from the scattering of
the electrons from magnetic impurities, is usually associated with a shallow resistivity
minimum (figure (7)) at low temperatures (Akiyama et al. 1992a}. It was concluded from
the magnetoresistance studies (Howson and Gallagher 1988) that in some cases the shape
of the resistivity minimum is not changed in a magnetic field. Therefore, this minimum
is not likely to be caused by the Kondo effect. Rapp et al. (Rapp et al. 1982) showed that
the Jow-temperature anomaly can be best described by a T'? term, which suggests an
electron-electron interaction effect. Kaiser (Kaiser 1986) suggested a mechanism involving
both the TLS and the localization that could contribute to the T'? term at low

temperatures.

2.8) WEAK-LOCALIZATION OR QUANTUM INTERFERENCE EFFECT (QIE)

2.8.1) MULTIPLE SCATTERING EFFECT

The experimental studies show that the temperature dependence of the resistivty
in highly disordered alloys can't be described by the classical models. For instance, in
most of the metallic glasses and QCs the low-temperature resistivity changes as T'?,

instead of as T? predicted by the classical models. The extended Ziman model explains
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the negative TCR in disordered alloys only qualitatively. However, the classical models
do not give any insight into the scattering mechanisms involved in the electron transport
phenomenon. The magnitude of the TCRs observed in metallic glasses also can't be
understood in terms of the classical models. Apart from the facts mentioned above, many
other transport anomalies can't be explained within the framework of the classical models.

In order to go beyond the Boltzmann picture the idea of the electron motion in a
classical trajectory should be abandoned. Short mean-free path electrons in highly
disordered alloys, including QCs, have a diffusive motion rather than a free-flight
propagation (Dugdale 1987). The resulted electron elastic mean-free path for the high-
resistivity metallic glasses and QCs (Matsuo et al. 1993) are as low as the interatomic
distances in a crystalline metal (Kittel 1986). This means that the electrons are elastically
diffused from site to site in a very small volume and the electronic states are weakly
localized. The origin of this localization comes from the fact that the probability of
returning of an electron to the starting point is by no means negligible. In this regime the
interference of the electron wave from different scattering centres in the small volume
tends to enhance the localization effect. This interference occurs because the scattered
electron waves from different centres (figure (7)) are produced in the very small time
intervals. Therefore, these almost instantly produced scattered waves can combine and
localize the electron. The time interval between the two elastic scattering events is the
elastic scattering relaxation time. The very small elastic scattering times have been

reported for many high-resistivity metallic glasses and QCs (Matsuo et al. 1993). Thus,
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the multiple scattering effect can enhance the resistivity by localizing the electrons. The

formalism of the multiple scattering effect in electron transport of disordered metals has

been reviewed by Frésard et al. (Frésard et al. 1990).
2.8.2) WEAK LOCALIZATION (WL) EFFECT

Multiple elastic scattering enhances the probability of returning the scattered
electron to its starting point. This causes the electron localization and gives rise to an
additional source of resistivity. At low temperatures, where the elastic scattering is
dominant, the scattered electron wave in one direction in a closed path can combiue with
the wave scattered in the opposite direction in the same closed path. This causes a phase
coherence between the two partial wave functions. If it is assumed that the probability of

returning the particle to its starting point over all possible paths is:

W=§ W, | (19)

where It]J,F is the probability of returning of the electron from path i, then the probability

for an identical path can be written in the form (Dugdale 1987):
W= |y 2+ |, 2+ Vi, + U0, (20)

Here Y, is the clockwise and 1, is the anticlockwise direction wave-function. It is
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concluded from equation (20) that the total interference term (in the case of phase
coherence) gives a value twice larger than the classical value (the sum of the first two
terms). However, any process which destroys this phase coherence, such as the inelastic
scattering, will reduce the additional resistivity, This can explain the Mooij correlation
observed in high-resistivity strong elastic scatterers, in which the introduction of inelastic
scattering with increasing temperature leads to the negative TCR. A detailed review of
the WL effect is given by Lee and Ramakrishnan (Lee and Ramakrishnan 1985).

In the three dimensional diffusion equation the probability of finding a particle at
spacial element dr and in a time interval of dt is given by (Dugdale 1987):

F oL
plr, Odrdt=4wDt exp(—‘-;,ﬁ‘ Ydrdt 21

where D is the diffusion constant. The resistivity caused by the QIE is proportional to this
probability. The integration of this probability from 1o, the elastic scattering time, to T,
the inelastic scattering time, gives: p=(to)™-(t)"%. This result indicates that the
temperature dependence of the resistivity due to the WL effect is determined by the
temperature dependence of <. It also implies that the interference effect is completely
turned off when 7,=T, which is an indication of the saturation in the WL effect. More
recently, Plenet et al. (Plenet et al. 1992) have studied the magneto-resistivity of Al y..Fe,
quasicrystalline alloys and have found a T# dependence for t; above 36 K. A similar
result had already been reported for amorphous metals by Bieri et al. (Bieri et al. 1984).

Therefore, the WL theory predicts linear temperature dependence for the conductivity at
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low temperatures (figure (9)). It is observed (Poon 1992) that in amorphous metals the
o(T)=T behaviour changes over to g(T)« T at higher temperatures. This indicates that
the electron-phonon inelastic scattering time can no longer be explained by a simple T?
dependence. The quantum correction to the conductivity which takes into account the
elastic (t,), inelastic (t,), and spin-orbit (t,) scattering is given by Fukuyama and
Hoshino (Fukuyama and Hoshino 1981). The simplified conductivity expression

(Fukuyama and Hoshino 1981) is obtained by assuming that t_»>T,, Ty

o (T) = ADYTrE-yH] +0,, A=(2ﬁi)‘/—(ﬂ,/w, 2)
where:
t=1_Jor,, 0= (@4 3TL)ET)? . 23)

The experimental studies show that equation (22) well describes the experimental data
for quasicrystalline alloys below 20 K (Sahnoune et al. 1992, Haberkem et al. 1993). In
the case of strong spin-orbit scattering, the spin-orbit scattering time can be comparable
to the inelastic scattering time. Therefore, one needs to use a more accurate equation to

fit the experimental data.
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By exact integration of the magneto-conductivity formula Matsuo et al. {Matsuo

et al. 1993) have obtained the precise quantum correction to the conductivity expression,

ie.,:
0 {0, 7) = (Apm[-2yt < tan (1)/1) + G+ * tan™ (3} [5+3) -
3\/m * tan”' (1, /44 +5,+4) + 3 J@H+ 1)/t = tan”'(1/,/40+5,)
NG )nog(—)+3 g(j:‘ ‘f: 1. @
where:
VLS Tsr 1=TeldT;y 623701, 6=37,/7;. (25)

" 2rho F
Here t, =1, TP and p is the power of inelastic dephasing. Equation (24) is more
informative in giving the transport parameters than equation (22) and can be fitted to the
experimental data to higher temperatures (Matsuo et al. 1993). To obtain the fuil
expression for conductivity one needs to add this quantum correction term to the normal

Boltzmann conductivity. The total conductivity function becomes:

o(0, T)=e’DM(E) +0’0, T) , (26)

where the first term is the Boltzmann contribution. From the fitting of equation (24) to

the experimental data one obtains the scattering parameters, such as the temperature
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dependence of the inelastic scattering, ©,/47;, T/47;, |, and the Boltzmann conductivity.
However, by using the approximate equation (22) only the magnitude of 7 /41, and the
power of dephasing rate can be deduced.

The dephasing of the phase coherence is not limited to the inelastic scattering but
is also caused by the electron-electron scattering. For the strong-scattering alloys the
application of the WL theory results in a value ~1.5 for the dephasing power parameter.
The ©,~T"* is known to be the characteristic of the electron-electron scattering in the
strong scattering limit, the so-called dirty limit (Sahnoune et al. 1992), This limit is
characterized by kgl.<1. A general relation for the temperature dependence of the electron-

electron dephasing rate can be written as (Altshuler and Aronov 1985, Schmid 1974):

3 3
1161, s U EDT 2n
Toe 3 hEp 2(},\/?}})

The T term in equation (27) corresponds to the weak-scattering limit. However, for the
inelastic scatiering rate the general form of T? (2<p<4) is present (Sahnoune et al. 1992).
It is concluded that a T? dependence of the inelastic scattering rate is predicted for both
inelastic electron-phonon and electron-electron scattering effects. However, the power of
the temperature dependence of the inelastic scattering can be a determining factor for the
degree of disorder in alloys. A major criticism (Howson and Gallagher 1988) of the WL
theory is that it is valid only for the limit kgl,>1. However, for most of the high-resistivity
amorphous or quasicrystalline alloys this parameter is of the order of unity or even less

(Matsuo et al. 1993). Tt was mentioned (Coffey et al. 1984) that the condition kgl>1 can
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be relaxed to kgl.21 since the higher order corrections in the perturbation term in the WL
theory have insignificant effect.

The applicability of the WL theory to the high-resistivity metallic glasses and QCs
is still being debated (Pierce et al. 1994). However, the observed temperature dependence
of the resistivities in high-quality stable QCs is in agreement with the prediction of the
WL theory (Kimura and Takeuchi 1991). Hence, a close relationship is claimed to exist

between the WL and the quasicrystalline structure (Akiyama et al. 1992a).

(2.8.3) SPIN-ORBIT INTFRACTION AND WL EFFECT

* ‘The spin of the electron is a quantum characteristic of an electron wave function.
In the case of the strong spin-orbit coupling, i.e., when T, = 1, the spin of the electron
changes the direction. The incoming electron wave recombines with the back-scattered
wave and the phase coherence between the two waves randomizes quickly (Dugdale
1987). The time for this to occur is characterised by the temperature independent spin-
orbit scattering time which depends on the spin-orbit coupling strength. However, if the
inelastic collision time is long as compared to T then the spin-orbit effect will destroy
the constructive interference between the spin triplet states (Dugdale 1987). Consequently,
the quantum interference effect will be reversed to the antilocalization effect (Dugdale
1987). In order to show this formally, consider the electron spin in the triplet state (the

singlet state gives rise to the normal intetference efffect). Then the interference term
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becomes (Dugdale 1987):

= 2 EW[ - bool? (28)

where m=1,0,-1 is the spin state and Wi, is the classical probability of finding an
electron in its starting point. In the absence of the spin-orbit coupling ;=¥ and the
summation gives I=hpmlz. This is the classical probability. However, if t, >, the spin-
orbit effect dominates and ,_ randomizes rapidly, giving I=-1/2lYr o P, ‘This is the half of
the classical value. The negative sign indicates the fact that the strong spin-orbit case is
an antilocalization effect (figure (10)) and results in a positive TCR. This strong spin-orbit
scattering acts only at very low temperatures since by increasing the inelastic rate at
higher temperatures this effect is weakened. The low-temperature resistivity maximum
(Akyiama et al. 1992, Sahnoune et al. 1992) has been related to the competition between
the localization (caused by the inelastic scattering) and the antilocalization (due to the

spin-orbit scattering) effects.
2.9) ELECTRON-ELECTRON INTERACTION (EED)

It is well known that in strong-scattering alloys, such as metallic glasses, the
conductivity varies as T'? at low temperatures (typically below 36 K) (Howson and
Gallagher 1988, Chemnikov et al. 1993). This square-root anomaly is ascribed to the

electron-electron or Coulomb interaction. Experimental resuits of the resistivity
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measurements show (Chemikov et al. 1993) that even at very low temperatures (100 mK),
where no inelastic scattering occurs, the QIE exists. The dephasing of the phase coherence
at very low temperatures is ascribed to the electron-electron interaction effect. Altshuler
and Aronov (1985) (Altshuler and Aronov 1985) developed a theory that describes the
electron-electron scattering mechanism which causes the QIE at low temperatures. It is
not easy to have a classical picture of this effect. Aronov (Aronov 1993) and Dugdale
(Dugdale 1987) gave a useful semiclassical approach to the effect, whicii will be followed
here. In this explanation an electron which goes round a closed path creates a charge
pattern, the so-called an electron hologram, which is a record of the phase shift in the
closed path. If the second electron wave goes round the same path in the same direction
and receives the same phase shift, the phase shift of the electron wave can be restored and
enhanced by the hologram, In this way a holographic interference can enhance the
electron-wave function, creating a mutual interference effect. The case of an electron pair
of opposite spins results in a more familiar phenomenon, i.e., superconductivity effect.
In this case the coupled electrons carry the current in a multiple elastic scattering media
without an attenuation in the wave-function. Both the Coulomb attraction
(superconductivity) and the Coulomb interaction (EEI) can dominate the low temperature
transport behaviour,

To calculate the temperature dependence of the EEI effect, consider the fact that
the energy of the interacting electrons is limited to the range KT. Hence, a thermal
coherence time, T,, is associated with each interacting electron. Integration of the three

dimensional diffusion equation (21) from 7, to 7,~WkT gives: p=T"'2 Therefore, the
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conductivity due to the EEI effect varies as T'? (figure (11)). At higher temperatures the

effect is overwhelmed by other dominant effects. The EEI effect is independent of the

magnetic field since the two electrons traverse the same path in the same direction.

2,10) PHONON-ASSISTED TUNNELLING AND HOPPING MODEL

For a disordered alloy the quantum interference is expected to become less
dominant at higher temperatures since the inelastic scattering rate increases and destroys
the phase coherence. This occurs when the inelastic scattering time becomes comparable
to the elastic scattering time. Therefore, one expects the negative TCR caused by the WL,
to become positive. The temperature dependence of the conductivity of the Alg, ;Cu,sFe,; 5
and Al,Cu,Ru, strong-scattering i-alloys (Mayou et al. 1993) show continuous increase
in the conductivity up to 1000 K. The increase of the conductivity in the absence of the
WL effect may be explained in terms of the non-metallic phonon-assisted tunnelling. This
behaviour has been reported for the Al-Co-Ni d-system (Martin et al. 1991).

The theoretical analysis (Tsunetsugu and Ueda 1991) of one- and two-dimensional
QCs has shown that the electron wave functions are of the power law decaying type, i.e.,
¥ « ¥, where v>0. The overlap integral of the states separated by distance r is
proportional to r**/®, where P is the dimensionality. Then the predicted conductivity
becomes o=0,+AT" with n<l (Mott 1987), where a, is due to the tunnelling effect
between the electronic states (Pierce et al. 19932, Poon 1992). It has been shown (Tamura

et al. 1995,1994a) that the high-resistivity i-alloys, such as Al-Cu-Ru and Al-Pd-Re
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(figure (12)), can be fitted well, based on the variable range hopping model (Mott and

Davis 1971). The hopping of the electrons in insulators and semiconductors can be
described by pxexp(AT**) which was predicted by Mott. This temperature dependence
of the resistivity has been observed in high-resistivity amorphous alloys (Xiao and Chien
1986).

The existence of the electron hopping behaviour in metallic alloys is due to the
enhanced localized states ard the vicinity of the metal-insulator transition (Xiao and
Chien 1986). Therefore the very high resistivity found in the newly discovered Al-Cu-Re
icosahedral alloys (p~0.1€cm) may be an indication of the metal-insulator transition.
Klein et al. (Klein et al. 1991) evaluated the residual (o(0)) and the room temperature
conductivity for high-quality i-alloys. They found that most of such alloys lie on 2 line
in the plot of G, Vs. Oy, where O and o, are respectively the residual and room
temperature conductivities. This line has often been refered to as the metal-insulator

transition line.
2.11) PROPOSED SCATTERING PICTURE FOR NON-PERIODIC SYSTEMS

The existence of the Mooij correlation for QCs and amorphous systems together
with the metallic-glass-like (Rapp 1993) behaviour observed in QCs indicate the close
similarity of the transport mechanisms in these systems. Mizutani (Mizutani 1993a) has
given a unified interpretation of scattering mechanisms in both systems. He classified

these systems into five different groups depending on the temperature dependence of the
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resistivity. The classified alloys (figure (13)) vary from the weak or sp-scattering to the
strong-scattering systems. The a, b, and c type conductors, in which the sp electrons are
the dominant charge carriers, follow the normal Boltzmann mechanism and the Ziman
theory is applicable to them. The strong-scattering systems are characterized by higher
resistivities and TCRs. These systems can't be described within the classical theory (types
d and e in figure (13)). It has been shown experimentally (Klein et al. 1992) that for the
strong-scattering alloys v.,, ( the electronic specific coefficient) is well below (about one
third) the free-electron value. This results in a much lower free-electron DOS at the Fermi

level. The electronic specific heat coefficient is related to the free-electron DOS by:
Y = ks NEr). 29

The electron mean-free paths for these type of alloys are of the order of the interatomic
distances. The corresponding Fermi velocity (ve =, /t,) is also much lower than that for

a crystalline ailoy. The g factor is defined by Mott relation (Mizutani 1993a):
o= %ezgzlcuﬁ""N(EF)”"" : (30)
where:

g = N(ER™PIN(Ep)™ = v = RIIRE . (31)
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The studies of the (AgsCips)ino.G€, amorphous system have shown (Mizutani
1993a) that the g factor is reduced with increasing the residual fesistivity (py). This
decrease in the g follows the above relationship (equation (30)). The g-0, graph shows
a sharp cut-off at g=1 which corresponds to the weak-scattering limit. The g value then
starts to level off at about 300 pQcm (figure (14)). The decrease of 1, with increasing
Page Shows a rather slow dependence at higher resistivities and seems to saturate around
the Mott minimum metallic conductivity value (200Q-1em™ ) (figure (15)). It is concluded
that the increase in psy, is due to the decrease in the electron mean-free path only in the
limit p4<300 pQcm. In the strong-scattering limit, where the 1, becomes comparable to
the interatomic distances, the temperature dependence is mostly determined by the
decrease in g or the density of the charge carriers. This indicates that in the strong
scattering alloys one expects much lower charge carrier density at the Fermi level than
in a normal alloy. The low density of charge carriers has aluo been concluded (Pierce et
al. 1994) from the specific heat measurments for QCs. The presence of this effect (low
free electron DOS) in amorphous and quasicrystalline alloys has been related (Wagner et
al. 1990} to the existence of a wide pseudogap at the Fermi level. The existence of such

a pseudogap is considered to have an important role in the stability of QCs (Poon 1992).
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SUMMARY

Several facts can be concluded from the above review:

1-The original Ziman model only explains the transport properties in weakly
disordered alloys. However, when the mean-free path is lowered by the high rate of
elastic scattering, the multiple scattering effect should be taken into account.

2-In the Evans’' model low mean-free path alloys can be described provided that
the low mean-free path or high resistivity arises from the presence of the unfilled d band
at the Fermi level, which causes the s-d scattering. The concept of a negative TCR can
be qualitatively understood within this model.

3-The Mott model predicts an almost temperature independent resistivity and is
appropriate for the alloys in which the s-d scattering is 2 dominant scattering mechanism.
This model can not explain the high negative TCR observed in some alloys. The s-d
scattering, which is dominant in the transition-metal containing alloys, can introduce large
resistivities with negligibly small TCRs. Hence, these alloys are more prone to deviate
the Mooij correlation.

4-In the generalized Ziman model a high negative TCR can be explained
qualitatively. However this model is unable to give a proper insight into the scattering
mechanisms. It also does not give a quantitative explanation of the magnitude of the TCR
in the strong-scattering alloys.

5-The WL theory is successful in explaining the transport anomalies in the strong-

scattering alloys. The only condition for the application of this theory is that it can be
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applied in the limit kel, >1. According to this theory the dephasing of the phase coherence
in weak-scattering alloys is due to inelastic electron-phonon scattering if the dephasing
varies as T® (2<p<4). The dephasing of the form T'’ always corresponds to the electron-
electron scattering in the strong-scattering limit (dirty limit). The dephasing of the form
T? can be due to either electron-phonon or electron-electron interaction in the weak-
scattering regime.

6-For the phonon assisted tunnelling or hopping model one expects a temperature
dependence of the form o=oy+AT" (n<l) for metallic alloys. For insulators the
temperature dependence of the form p=exp(AT'*) is expected. The electron hopping
behaviour dominates at high temperatures and can be an indication of the reduced carrier
density at the Fermi level.

7-High resistivity is not necessarily introduced by strong disorder but can be due
to the low mean-free path caused by the s-d scattering. In strong scattering alloys the
transport properties are mostly governed by the reduction in the g factor (and
consequently by the reduction in the density of charge carriers and in the Fermi velocity)
The electron mean-free path in these alloys can be even higher than that in weak-

scattering alloys.
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Figure 3: The effect of s-d hybridization on the

dispersion curve of the s-like band.
In the energy range between E, and E,,
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the two bands repel each other ereating
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CHAPTER 3

XP PR D

The resistivity measurement system consists of two major parts: 1) cryostat, 2)
hardware. A simple cryostat is used to cool down the sample to the desired tempcrature,
A temperature controller provides the control and monitor of the sample temperature. The
microvoltmeter and nanoammeter are used to measure the voltage and the current applied
to the sample, respectively. The hardware of the system consists of a conventional four-
probe dc wiring for the resistivity measurement, as well as the temperature sensor wiring
and the heater wiring to control the temperature. The hardware uses an IEEE standard
digital interface to control the electronic meters. The IEEE-488 bus is a control bus
designed to allow the control and data coliection from instruments through a remote
controller or a computer, The computer is used to perform the resistivity measurement on
an automated basis. Also the driver program (the software) provides a routine for desired
data acquisition from the meters. Then the collected data, simultancously from the
multimeters and the thermometer, are accumulated and stored on a 286-PC computer

hard-disk through the interface remote lines.

3.1) SYSTEM DESIGN

Making an accurate measurement of the resistivity is associated with several
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technical difficultics. Because of the small size of the samples and the corresponding low
values of the resistances, the resistivity measurement requires several considerations. For
these low-resistance materials the current of several milliamps are needed to be measured
within a high accuracy. Electronic instruments, such as multimeters, put limitations on
their accuracy once being used for low-voltage or low-curTent measurements. A low-level
measurement is defined as a measurement which is close to the theoretical limit (Keithley
1984). The accuracy is also limited to the values of the lead resistances since the voltage
noisc produced in the measurement loop is proportional to the square root of the
resistance. Therefore, high lead resistances limit the theoretical sensitivity of the
measurcment. Apart from these practical problems, there are other phenomenological
effects, such as magnetic and electric field interference, ground-loop current, and the
thermal emf's, which need additional considerations.

The resistances of the samples used in the measurements range from a few
miliohms to several ohms. These low resistances require a four-wire technique. Four-
probe dc method, which climinates the lead resistances effect (Peltser 1988), is
conventionally used for low-resistance measurements (Saito et al. 1994, Kimura et al.
1990, Takcuchi et al. 1993). One of the advantages of this method is that the electrical
wiring is quite simple. It consists of two wires that bring the current into the sample and
another couple of wires which pick up the voltage drop across the sample. The detailed

description of the electronics is given in section 3.1.2.
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3.1.1) CRYOSTAT

The cryostat consists of a liquid nitrogen dewar, a liquid helium dewar, a sample
chamber, and an electrical insert. The liquid dewars are used to maintain the cold liquids
for the required amount of time, Figure (1) shows schematically the different parts of the
cryostat. The liquid nitrogen dewar (part M), which is the outermost part of the cryostat,
is made of two separated cylindrical steel containers that are connected to cach other on
the top. This dewar, when under good vacuum, isolates thermally the inside of the
container from the outside. The liquid helium containcl" (L) is quite similar, but relatively
smaller in size. This dewar is appropriately mounted inside the liquid nitrogen dewar by
a mechanical clamp (T) of low thermal conductivity. The high vacuum valves (H,R) are
used to control the pressures inside the dewars in order to control the isolation. The gas
vents (G) let out the pressurized nitrogen and helium gases above the liquid nitrogen (J)
and the liquid helium (I) levels. Also, the inlets (S,Q) are used to fill the containers with
the corresponding liquids.

The sample chamber (K) is made of a long single-layer cylindrical steel tube,
closed at the bottom, and open on the top which is immersed into the liquid helium. This
chamber is centrally fixed in the liquid helium container by means of a low-thermal
conductor clamp. The electrical insert (N) is the innermost part of the cryostat and carrics
the internal wirings (D) to the sample holder (P) which is located at the coldest part of
the sample chamber. The sample holder contains a 25 Q solenoid which is uscd as a

heater (O). The head of the insert (U) is made of a light aluminum alloy and consists of
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two vacuum-tight feedthroughs (C) which connect the inside wirings to the electrical
outlets (B). The vacuum valves (E) arc attached to the head on the top and are used to
control the pressure inside the sample chamber. The height of the insert can be adjusted
by means of the top screw (A) connecting the steel rod to the head.

Different parts of the clectrical insert are shown in figure (2). The electrical outlets
(cables) are carricd to the sample through the internal delicate wirings (L) which are
wrapped around the long steel rod (K) (the electrical insert). The sample holder, which
is screwed to the end of the insert, holds the heater (B), the temperature sensor (E), and
the sample (D) insidc the sampie chamber very close to the bottom. The temperature
sensor is embedded inside the sample holder near to the flat surface on which the sample
is located on a glass substrate (H). The glass substrate is attached to the sample holder
by means of Apiezon-N grease (G), which is used as a good thermal conductor. The

current wires (F) and the voltage wires (C) are also shown in this figure.

3.1.2) ELECTRONICS

Apart from minor low-current phenomena, such as triboelectric, piezoelectric,
space charge, and clectro-chemical effects (Keithley 1984)) that can cause noise current
as high as 10 nA in the circuit, there are low-voltage phenomena which can introduce
significant errors. Thermal emf's are the most common sources of errors in low-voltage
mcasurements. These error voltages are produced either when different parts of a circuit

arc at different temperatures or when different materials are joined to make an electrical
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contact. For instance, the thermal emf caused in a Cu-Cu connection is estimated as 0.2
uV/°C. The thermal gradient which causes this effect can be partially controlled by using
a cold trap that thermally connects all of the wires to a large thermal mass. An alternative
method to cancel the emf errors is to usc a quasi-dc technique. In this method the
measured voltage across the sample, V,, is compared to the voltage with the reversed
current, V,. If the second voltage reading is accomplished before the thermal gradient
change, the thermal emf's cancel in the final calculations (Peitser, 1988). This method
requires a special current source with an automated current switch mode.

In order to minimize the thermal emf effect all of the connections other than
sample connections are chosen to be Cu-Cu connections. The only connections which may
cause major emf errors are sample-Cu connections. The emf errors caused by sample-Cu
connections can also be minimized by keeping thesc connections at the same temperature.
Therefore, the connections are attached to a thin glass substrate and located on the copper
disk (sample holder), which is considered to be a large thermal mass and also a good
thermal conductor. The Apiezon-N grease is used to make a good thermal contact
between the glass substrate and the copper disk. Considering the fact that the sample to
substrate contacts are made of silver paint, which is also a good thermal conductor, the
error caused by thermal emf will be almost negligible.

The ground loop is another important effect that can cause error when the
electronic equipment is connected to different grounds. A simple solution to prevent this
effect is to connect all of the electronic eiements to a single common ground. For

instance, the body of the cryostat can be a good common ground for all of the clectronic
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instruments.

The next important effect is magnetic or electric field interference. Magnetic and
clectric fields are produced by electronic and electrical devices. Once the magnetic or
clectric flux passes through the measurement electronic circuit, the error current or voltage
is induced in the measurement circuit. This phenomenon can be effectively controlled by
using shiclded or coaxial wires in different parts of the electronic circuit which are
exposed to the field.

Figure (3) shows the block diagram and the layout of the electronic system. The
multimeters arc connected to the cryostat (A) through the triaxial shielded wires (E).
These multimeters and the thermometer are interfacible and capable of communication
through the listen/talk commands. The electronic dévices are all connected to the
interface, which is installed in a 286 PC-computer, by the interface remote lines. The
interface uses a GPIB link (general purpose interface bus) to compile the driver program.

The thermometer reads the voltage of a silicon diode (temperature sesnor (C)) and
converts it to the corresponding temperature value, based on a specified calibration curve.
Then, the temperature is displayed on a digital monitor. The silicon diode is calibrated
for the 1-325 K temperature range. The accuracy of the thermometer is 0.0t K in the 0-
100 K temperature range. The voltmeter is a 412 digit Keithley digital multimeter
(DMM), with the accuracy of 0.04% (of the reading) + 3 (counts) and reads the direct
voltage across the sample. The ammeter is a similar DMM with an accuracy of 0.2% (of
thc"readip'r;) + 2 (counts) in the 20 nA current range. The ammeter is in series with the

current source, which supplies a regulated current i:p to 100 mA.
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3.1.3) SOFTWARE

A driver program, written in the BASIC language, creates a routine to control the
devices through the GPIB link. The corresponding program is given in the appendix "A".
Each electronic device is defined by a primary and a secondary address. The clectronic
meters are addressed to talk or to listen through the IEEE-488 specific commands. The
controller asks the device to standby or send the collected readings in an appropriate time
intervals (timeout).

The timeout settings are implemented based on the individual instrument read rate.
Through the IEEE-488 bus, the microvoltmeter makes a voltage reading in 700 ms and
the output from the ammeter takes 600 ms. Since two readings are required to calculate
the resistance, this process takes a total time of 2600 ms. Hence, the timcout for this
measurement can't be less than 2.6 s. The default timeout setting in the driver program

is 30 s for all of the instruments, which is enougk time for the system.



3.2) SAMPLE PREPARATION

Quasicrystalline samples can be produced by several techniques. More commonly,
these samples are produced in two different forms: either as ingots or as ribbons. Ingot
samples are produced by melting the required amounts of the alloy in an arc-furnace in
a low pressure argon atmosphere. Then, the homogenously melted ingot is solidified
slowly to the room temperature. At the end, the produced master ingot is annealed at a
selected temperature for a few hours and is fast water-quenched (Saito et al. 1994,
Takeuchi ct al. 1993). Ribbon samples are generally produced by fast quenching of the
melt, In this method, the prepared master ingot is remelted instantly in a quartz tube
under a rf field. Then, the corresponding melt is injected onto a high speed rotating wheel
and is quenched in thin ribbon shapes (Kimura et al. 1987). The samples produced by
the first method (ingots) are thermally stable, while the ribbon samples are not. Ribbon
samples are the most common for the resistivity studies because of two main reasons.
First, because of the relatively higher resistances of the ribbon samples, higher accuracy
is achieved in the resistivity measurements. Second, they can be produced in a long
ribbon shapes, which are more flexible at low temperatures and can be easily attached to
any substrate.

One of the important processes in the resistivity measurement is preparing samples
which are strain and stress free at low temperatures. Special care must be taken in making
electrical connections which stay fixed at low temperatures. Ribbon samiples are very thin

(10 to 20 pm thickness) and therefore extremely fragile. Making the good electrical
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contact is another practical problem associated with the ribbon samples. Unfortunately,
most of the ribbon samples can't be soldered by the normal soldering method. Therefore,
one needs to look for other ways of making good electrical contacts. Aluminum or gold
soldering methods can be used for this purpose. But then a part of the samplc may be
transformed into the amorphous phase.

Making electrical contacts by silver paint or pa.ste is known as a reliable method
for the resistivity r}leasurement purposes (Saito et al. 1994, Kimura et al. 1990, Takeuchi
et al. 1993). Silver paint is a highly conductive material in the liquid form which can be
applied to make contacts without heating the sample. The applied amount of this material
can dry in a few (typically five) minutes, It remains a good conductor down to the lowest
temperatures. The only difficulty associated with the application of silver paint is that in
order to make good electrical contacts all the surfaces should be completely clean of dirt.

Surface cleaning is a necessary step in the sample preparation (Biggs ct al. 1990).
In some cases, the metal oxides produced on the surface of the sample cause large contact
resistances. Etching (Kimura et al. 1990) is one of the effective methods to remove the
surface contaminations and the phase impuritics. Some of the workers (Kimura et al.
1990) in the quasicrystalline field believe that etching for a long time (five days) can ﬁf.lp
to eliminate fcc Al or amorphous contaminant phases, which are produced in
quasicrystalline alloys during the fast quenching of the melt (Biggs et al. 1990).

In the ingot samples regular parallelepiped pieces were cut from the master ingots,
using a diamond cutter, for the volume resistivity measurements, Then the irregularities

on the surface were removed by means of a sand-paper. Uniform ribbons of length
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typically 2 cm and with an appropriate curvature were chosen for the resistivity
measurement. The typical width of the ribbons was 1 mm and the thicknesses varied from
10 to 20 pm. It should be noted that having the appropriate curvature is very important
in kecping the sample strain and stress free at low temperatures, Samples were left in the
50% nitric acid for three hours to clean the dirt from the surface (etching). Some of the
samples were etched for a longer time (60 hours) in order to evaluate the Al-fec
crystalline phase effect on the resistivity. For one of the samples the resistivity
measurcment was carried out in two different stages: the shallow etching (three hours)
and the deep etching (60 hours) in order to compare the resuits.

Figure (4) shows the electrical connections on both kinds of the samples. The
clectrical contacts were made using the highly conductive silver paint and paste. In the
ribbon samples, the two ends of the ribbon were silver glued onto a thin glass substrate
(C) of thickness 0.1 mm and then a bundle of .copper wires (D) was glued onto the silver
paints (I) by means of silver paste (J,E). Silver paste was mainly used to keep the sample
fixed on the substrate at very low temperatures. Then, two fine copper wires of 40 um
diameter (A) were spot-painted (F) onto the middle points of the sample for the voltage
mcasurement.

In the ingot samples, two copper foils (G) of the thickness 0.05 mm and the area
1 mm?® were painted onto the flat ends of the parallelepiped sample (B). Then a couple
of wires (D) were soldered (I) to the copper foils by normal soldering method. Next, 40
1m copper wires (A) were attached to the middle points (F) by use of silver paint, The

thin voltage wires were also silver glued (E) to the glass substrate (C).
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The active dimensions of the parallelepiped samples were measured using a 1/100
mm micrometer. The voltage wire distances were measured by a 1/20 mm travelling
microscope. The ribbon thickness, width, and length were measured by a 2/1000 mm
micrometer, a 1/20 mm travelling microscope, and a flexible scaled paper (1/2 mm),
respectively. The maximum relative errors of 7% for ingots and 20% for ribbons werc
estimated for the volume measurement. Considering the irrcgularities on the surface and

the edges in the ribbon samples, the error can even exceed the estimated error value.

33) PROCEDURE

The resistivity measurements were carried out in a quasi-dynamic way in the sense
that the readings were taken every 30 s with a maximum heating ratc of 0.0067 K/s. At
the beginning, all of the samples were tested in the temperature range of 77-300 K. Then,
the lower temperature measurements, i.e., 10-77 K, were carried out for the ribbon
samples with the le_ast amount of fluctuation in the resistivity data. It was concluded that,
generally, the magnitude of the scattering in the resistivity data for the ribbon samples
was comparably lower than that in the ingot samples. Only the Al-Cu-Ru icosahedral
ingot sample showed a reasonably low fluctuation in the resistivity data. The origin of the
high fluctuation in the other ingot samples could not be determined.

The liquid nitrogen container was leak-detected and tested under a high-vacuum

and confirmed to maintain the liquid nitrogen for few (two-three) days. However, the
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high-vacuumed liquid helium dewar was not able to maintain the liquid helium more than
six hours. The liquid nitrogen and the helium dewars were pumped down to the pressure
of 107 mbar and fixed in their positions. This pumping took three-four days. The sample
was attached to the holder and located inside the sample chamber. Then, the sample
chamber was pumped down to 107 mbar and filled with the required amount of the
helium gas.

For the first part of the measurement, i.e., in the range 77-300 K, the internal
container was filled with the liquid nitrogen up to 3/4 level. After cooling down the
sample to the liquid nitrogen temperature, the remaining liquid was pumped out and the
system was let to heat steadily up to the room temperature. At the same time the program
was run and the data points were collected every 30 seconds. The heating cycle was
chosen instead of the cooling because of two main reasons. First, the presence of the
uncxplained artifacts, which only occurred during the cooling process at specific
tcmperature range, was noticed. Second, the natural heating in the cold nitrogen gas
provided a much steadier and nearly uniform rate of the temperature change. The natural
heating up to the room temperature took typically 12 hours for each sample.

For the samples measured at lower temperature range (10-77 K), the procedure
was nearly the same. At the beginning both containers were filled with the liguid nitrogen
and the system was let to reach the liquid nitrogen temperature. Then, the remaining
liquid nitrogen in the helium container was pumi:ed out and the container was filled with
the required amount of the liquid helium (about three litres for each sample). After the

liquid helium evaporated, the system started to heat up steadily. The maximum heating
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rate at low-temperature measurements was 0.2 K per 30 scconds (0.0067 K/s). After about
five hours the sample reached the liquid nitrogen temperature. A large number of data
points obtained from both temperature ranges (10-77 K and 77-300 K) were combined
and plotted in a single graph. This was done by shifting the high temperature set of data
with respect to that for the low temperatures in order to match the resistivity at the liquid
nitrogen temperature. The magnitude of the shift did not exceed 100 pQcem.

The reproducibility of the measurement was verified for several samples after
thermal cycling of the samples. The results of two individua! measurements (before and
after heat cycling) for the sample of icosahedral Al,Cu,,Fe,Mn,s were
indistinguishable. Also different pieces of the same sample were measured scparately. The
result of this test showed only a slight shift in the resistivity curve, which was consistent

with the error of the volume measurement.
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Figure 4: The electrical connections on both kinds of samples,
i.c., ribbons (right hand side) and ingots (left hand side).




CHAPTER 4

RESULTS AND DI I

In this chapter the temperature dependencies of the resistivity of 10 Al-rich i-
alloys, all of which contain transition metals, are discussed. Among these QCs, Al-Pd-
Mn-B and Al-Cu-Mn-B are ferromagnetic alloys with Curie temperatures higher than the
room temperature (Yokoyama et al. 1992). The rest of the samples are either
paramagnetic or diamagnetic. An amorphous alloy has also been measured to compare
the electron transport behaviour in different phases. All of the studied samples are of
ribbon forms, except the i-Al-Cu-Ru stable alloy which is of an ingot form. For other
ingot samples the measurement was carried out only in the temperature range 77-300 K.
These samples are not discussed here since the large fluctuations in the resistivity data
would not allow a correct analysis of the temperature dependence of the resistivity.

All of the studied samples are single-phase and of high structural quality except
the Al,,Cu,, sFesMn, sample which contains about 40% of the second phases (Stadnik
and Zhang 1995). For the studied samples the x-ray diffraction spectra show sharp Bragg
reflections with corresponding peak-widths comparable to those found for crystalline
alloys (Stadnik and Zhang 1995). The Al,;Cu,ssFesMn, s sample was also measured after
a 60 h etching to investigate the effect of the crystalline impurity on the temperature
dependence of the resistivity. Tables and figures are given at the end of the chapter.

Attempts have been made to explain the temperature. dependencies in the scope
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of the existing theories. Occasionally, the unexpected electron transport behaviour in some
alloys could not be explained within the framework of these theories. Comparisons have
been made between the extracted parameters and the data from other experimental studies.
The temperature dependence of the resistivity predicted by conventional theories has been
fitted to the experimental data using a Peakfit algorithm (Peakfit 1990). The
cotresponding fits are non-finear least-squares fit based on the Marquardt's mathematical
procedure of finding the global minimum. A goodness of the fits was judged based on
the coefficients of determination (r*) (Peakfit 1990) which are given by the program. The

coefficient of determination is defined as (Peakfit 1990):

r2=1,0-£ , (32)

where Y, is the y value of the curve fit at ith data point, y; is the y value of ith data, y is
the mean of the y, and w; is the weight corresponding to the ith point. Therefore, the
closeness of the rto unity can determine the goodness of the fit. These determination

coefficients are given in the tables along with the fitted parameters.
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4,1) CLASSICAL THEORIES

Table (1) lists the samples, the corresponding p values at 300 K, the TCRs, and
the resistivity ratios. The ferromagnetic allovs are indicated by a star sign. Large errors
in the resistivity values are mostly due to the errors in the volume measurement. The
errors due to the resistance measurement are negligibly small as compared to the error
caused by the volume measurements. It is assumed that the variation in the volume during
the measurement is much smaller than the change in the resistance of the sample. Thus,
the errors in the normalized resistivity values are much smaller than those of the
resistance. The relative error corresponding to the normalized resistivity is about twice
as larger as that associated with the resistance (0.1%). Consequently, it is negligible in
comparison to the relative etror of the resistivity (-20%).

Figure (1) shows the effect of identical etching (60 hours) on three different
compositions in the Al-Cu-Fe-Mn i-system. The resistivity values are normalized to the
corresponding values at 280 K. It is concluded from this graph that etching greatly affects
the resistivity of the Al,Cu,s ;Fe,;Mn, 5 sample. In particular, it causes an increase in the
resistivity ratio. This ratio is an indication of the degree of purity in a crystalline sample
(Kittel 1986). For the Al,; Cu,ss Fe, sMn; sample the slope decreases slightly due to the
ctching. However, this small change is within the experimental error, and thus can be
neglected. The etching effect on Al;,Cu,s ;Fe;Mn, 5 (already known to contain about 40%
of the second phase) is intermediate between those for other two samples.

The resistivity ratio and the TCR were found to be sensitive to the composition



4-4
in the Al-Cu-Fe-Mn i-system (table (1)). It is known that a slight change in the

composition of an i-alloy leads to a drastic change in the resistivity (Pierce et al. 1993c).
In Al-Cu-Fe-Mn i-system one expects the largest resistivity ratio for Alg;Cu,, Fe,;Mn, 5
since the composition of this alloy is close to the Alg,Cu,s Fe,; s stable i-alloy (Sahnoune
et al. 1992, Pierce et al. 1993c). However, this disagrees with the observed resistivity
ratios in table (1). This inconsistency may be explained assuming the presence of a small
amount (since it is not detected in the x-ray diffraction pattern) of the crystalline phase
impurity, which may strongly changes the resistivity ratio.

The resistivity ratio for the non-magnetic alloys ranges from 0.84 for the Al-Fe-Cr
sample with the lowest p(300K) to 1.8 for the Al-Cu-Ru stable i-alloy with the highest
value of p(300K). With one exception (Al-Pd-Fe i-alloy), the TCR values of the studied
j-alloys are negative for the resistivities higher than 300 pQcm. The p=300 plcm
corresponds to the high disorder limit where the g factor starts to decrease below unity
(p. 2-30). The high resistivity associated with a positive TCR in Al-Pd-Fe i-zlloy may be
due to the strong Mott s-d scattering. The resistivity in this alloy is almost temperature
independent and its resistivity ratio is also close to one; this agrees with the prediction
of the Mott model (figure (2-A)).

The temperature dependence of the resistivity of non-magnetic alloys is plotted in
a single graph in figure (2-A). The resistivity values are normalized to the values at 273
K. This plot resembles the unified plot for amorphous and quasicrystalline alloys given
by Mizutani (figure (13) of chapter 2). The temperature dependence of the resistivity of

the Al-Fe-Ce amorphous alloy is very similar to that for i-Al-Pd-Fe. Therefore, a strong



4-5
Mott s-d scattering can also be present in the Al-Fe-Ce amorphous alloy. For
ferromagnetic Al-Pd-Mn-B and Al-Cu-Mn-B quasicrystalline alloys (figure (2.B)), one
may also expects a high rate of s-d scattering. This is due to the presence of the high
density of the d bands at the Fermi level in such alloys (Mizutani 1993a). In particular,
the Al-Cu-Mn-B i-alloy has a very high resistivity which is associated with a positive
TCR (table (1)). The large positive TCR (table (1)) in this alloy indicates that the high
resistivity is not caused by a strong scattering of electrons from structural disorder, but
that it is due to the high s-d scattering.

A Mooij plot is shown in figure (3) for the non-magnetic alloys. The Al-Cu-Ru
alloy is not included in this plot because its resistivity parameters are out of the scale.
However, the resistivity and the TCR of this alloy satisfy the Mooij correlation. The
values of the TCR were obtained by fitting a quadratic polynomial to the experimental
data in the temperature range of 77-300 K. With one exception (i-Al-Pd-Fe), the sign
change of the TCR occurs around 150 1 Qcm. This agrees with the reported value for the
non-simple amorphous alloys (p. 2-15).

The resistivity curves of type (a), (b), and (c) in figure (2-A) show a pronounced
1+aT? (a>0) form of the temperature dependence at low temperatures (equation (11b)).
However, for the Al-Ge-Cr-Fe (f) alloy a -T? term is present over a wide temperature
range. The +T? form of the resistivity is an indication of the multiphonon scattering in the
resistivity ‘dependence types (a), (b), and (c). Figures (4-7) sﬁow the T? dependencies of
the Al-Cu-Mn-B, Al-Cr-Fe, Al-Ge-Cr-Fe, and Al-Pd-Fe i-alloys for the temperatures

much below the corresponding Debye temperatures, The fitted parameters with the
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corresponding standard errors, as well as the determination coefficients (%), are given in
table (2).

For the temperatures around the Debye temperature the experimental resistivity
data of the corresponding alloys show a quadratic polynomial temperature dependence
predicted by both the Evans and generalized Ziman models (equations 11a,17). The
experimental data and the theoretical fits are shown in figures (8-11) for the appropriate
ternperature ranges . The corresponding fitted parameters are given in table (3). Table (4)
lists the coefficients of the Debye temperatures, Sy(2ky)-1 (equation (13)), and the low-
and high-temperature coefficients of the Debye-Waller exponents (W(T)) (p. 2-10). One
can'tice that the temperature ranges in which the resistivity data wete fitted to the Ziman
meodel (table (2)) are consistent with the 6, values determined in table (4).

The extracted free-electron parameters from the Evans’ model (equations (6-13))
are listed in table (5). The wavevector k, corresponds to the first peak wavevector in the
experimental structure factor. The exponents of the Debye-Waller factors at 0 K (W(0))
are of the same order of magnitude as those reported for Fey,Cyo,B, amorphous alloys
(Kaul et al. 1986). The values of B, extracted from the generalized Ziman model
(equation (17)), are comparable to the values obtained for the Al-Ni-Co, Al-Sij-Cu-Co, and
Al-Cu-Co d-QCs (Yung-ping and Dian-lin 1994). The values of P are nearly the same
for all of these i-alloys. The ¢ parameters for Al-Cu-Mn-B and Al-Ge-Cr-Fe alloys are
higher than those for the others. This may be an indication of an enhanced inelastic
scattering in these alloys with respect to the others. For the Al-Ge-Cr-Fe alloy, which is

a highly disordered alloy (results from the WL theory), the large value of & may explain
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the large negative TCR (table (1)). However, the origin of the high « value in Al-Cu-Mn-
Fe i-alloy is unknown.

The positive sign of Sy(2kg)-1 in the Al-Ge-Cr-Fe alioy (table (4)) should
correspond to the negative TCR (equation (10)), which is indeed the case (table (1)). The
magnitudes of the high- and low-temperatures coefficients of the Debye-Waller exponents
are of the same order of magnitude for the alloys listed in table (4). Therefore, the TCR
can be quantitatively explained in terms of Sy(2kg)-1 parameters (equation (10)). The
magnitude of So(2kp)-1 in the i-Al-Pd-Fe and Al-Fe-Ce alloys are nearly the same, which
explains the close TCR values corresponding to these alloys (table (1)). In the Ziman
model the Debye-Waller factor leads to a negative TCR (p. 2-12). Thus, the low
magnitude of Sy(2k)-1 in the Al-Cu-Mn-B and Al-Cr-Fe alloys indicates the higher TCRs
in these alloys than those for the i-Al-Pd-Fe and Al-Fe-Ce alloys; this agrees with table
(1). The high-temperature coefficients of the exponents are almost two orders of
magnitude higher than the corresponding low-temperature coefficients. This effect causes
the resistivity saturation at low temperatures (figures (2-A,2-B)). The change of the TCR
at low temperatures in the Al-Cu-Mn-B alloy (figure (2-B)) is more pronounced than that
in others alloys (figure (2-A)). This is due to the larger difference between the high- and
low-temperature coefficients of the Debye-Waller exponents in Al-Cu-Mn-B alloy as
compared to that difference in other alloys (table (4)).

Tue coefficients of the quadratic terms in both the low- and high-temperature
regions (tables (2,3)) for the Al-Cu-Mn-B ferromagnetic alloy are one order of magnitude

larger than those in other alloys. This is related to the magnetic resistivity (ppy(T),



4-8

which is caused by the cohcrent electron-magnon interaction (Kaul et al. 1986, Rajaram
et al. 1984) and varies as T2 The total resistivity in a magnetic alloy can be regarded as
the sum of the structure-induced and the magnetic resistivities (Matthiessen's rule (Kittel
1986)). The incoherent structural-magnon scattering term, which is of the form T*? (Kaul
et al. 1986), is expected to be twice larger than the spin-wave term (T*term). The T*?
form of the resistivity was not found in the studied ferromagnetic samples. However, a
pronounced T dependence was found in the Al-Pd-Mn-B ferromagnetic alloy over a wide
temperature range (figure (12)). This indicates a large contribution from the coherent
electron-magnon scattering to the resistivity in this alloy. The high magnetic contribution
to the resistivity in ferromagnetic alloys may also be responsible for the major deviations
of these alloys from the Mooij correlation (figure (6) of chapter 2). The Al-Pd-Mn-B
alloy shows (figure (2-B)) a wide resistivity maximum similar to those seen for the
diamagnetic alloys, such as Al-Pd-Mn quasicrystalline alloy (Matsuo et al. 1994). The
origin of this maximum is also related to the ferromagnetic property of this alloy, which
will be discussed in section (4.2) in relation to the spin-orbit and the spin effects.

The Evans' model overestimates (table (5)) the free-electron values (W(0),k;) for
the Al-Ge-Cr-Fe alloy. The temperature dependence of the resistivity in this alloy has a
dominant -T? term, instead of the +T? term observed in oiher alloys. Therefore, the
temperature dependence of the resistivity in this alloy can be qualitatively described by
the p(T)=1-aT? (a>0) relation over a wide temperature range (figure (6)). The coefficient
of the -T? term is comparable (table (2)) to the coefficient of the +T* term in the other

alloys. This alloy has also a large and negative TCR comparable to that found for the
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high-resistivity Al-Cu-Fe-Mn alloys.

In the Ziman model the +T? term arises from the multiphonon scattering and is
estimated to be twice larger than the -T2 term caused from the elastic scattering (p. 2-6).
However, the -T? cotribution io the resistivity whose magnitude is the same as that of the
+T? contribution in a typical disordered alloy can only be described by the phonon
ineffectiveness phenomenon, i.e., a high contribution from the elastic scattering :rassociated
with a low mean-free path (p. 2-7). As it will be discussed later, the strong electron-
electron scattering in Al-Ge-Cr-Fe is the dominant cause behind the dephasing of the
phase coherence (the WL effect), leading to a small mean-free path. The small mean-free
path electrons are ineffectively scattered by phonons (Howson and Galagher 1988).

In the Ziman model one expects a negative TCR when 2k; coincides with the
value of the first peak wavevector in the structure factor (Mizutani 1993a). The relation
2kz=k, does not hold (table (5)) fof the studied alloys, except for the Al-Cr-Fe and Al-Cu-
Mn-B alloys with positive TCRs (table (1)). It is concluded that the 2k,=k, predicted by
the Ziman theory is not valid generally for the transition-metal containing alloys. The fact
that the relation 2ky~k, is fulfilled for the Al-Cu-Mn-B and Al-Cr-Fe may be an
indication of a strong FS-BJZ predicted for i-alloys (Poon 1992, Fujiwara and Yokokawa
1991, Laissardiére and Fujiwara 1994b).

The Fermi velocities calculated from the kg values (table (5)) for the Al-Cu-Mn-B
and Al-Cr-Fe i-quasicrystalline alloys are of the same order of magnitude (~2x10° cm/s).
This value is comparable to the free-electron Fermi velocity value commonly used for

QCs (Mizutani 1993a). The small Fermi velocities in Al-Pd-Fe i-alloy and Al-Fe-Ce
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amorphous alloy may be due to the strong Mott s-d scattering mechanism.

4.2) QUANTUM INTERFERENCE THEORY

The Al-Cu-Ru, Al-Cu-Mn-Fe, Al-Ge-Cs-Fe, and Al-Pd-Mn-B alloys, which are
characterized by high-resistivities and are considered to be strong-scattering i-alloys, are
studied in the scope of the quantum interference theory. Other i-alloys which were studied
by the classical models are also investigated using the WL theory as an appropriate
extension to the classical theories. In the WL theory the alloys are compared based on the
degree of the structural disorder and the dominant scattering mechanisms. In some cases
the free-electron assumptions are made in order to compare the free-electron-like transport
properties of the weak- and the strong-scattering alloys. Three main scattering
mechanisms are involved in the current data analysis: the elastic, the inelastic, and the
spin-orbit scattering. The spin effect is neglected for the present i-alloys since in general

T, >>T, 4Ty

4.2.1) POWER LAW OF THE CONDUCTIVITY

Figures (13,14) show the temperature dependencies of the resistivity of the
Alg,Cuys Fe; Mns and Alg,Cu,s sFe,,Mn, 5 alloys on a log-log scale. The values of o, were
extracted from the polynomial extrapolation of the resistivity data at low temperatures to

0 K. These plots indicate two separate linear regions with the change in the slope around
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36 K. It is concluded that the temperature depeacence of the conductivity in these alloys
can be explained by the relation: o(T)=0,+AT". The same behaviour has been observed
in many metallic glasses and other QCs (Howson and Gallagher 1988, Tamura et al.
1994b). Similar plots for AlgCuyssFesMn,s and E-AlgCu,sFeMn, s alloys (figures
(15,16)) show a rather strange behaviour. The temperature dependence of the conductivity
at low (10-20 K) and medium (40-90 K) ranges (tables (6,7)) for these alloys can be
described by the same relation. However, at high temperature range no power law of
conductivity was found. The strange low temperature electron transport behaviour in
Al,,Cuy sFeMn, s and E-Alg,Cu,s sFesMn, 5 alloys may be due to the impurity scattering

ot the structural defects which cause the broadening of the peaks in the structure factor.
4.2.2) EEl EFFECT, ELECTRON HOPPING BEHAVIOUR AND logT EFFECTS

As it is seen from table (6), the low temperature valueé of n are close to 0.5 which
is predicted by the EEI theory. For the Alg,Cu,ssFe;sMn; alloy this value is lower, and
for the E-Al;,Cu,ssFesMn, s it is larger than 0.5. This may be due to the fact that the
values of n are critically affected by the o, values used. The figures (17-20) show the EEI
effect on a o(T) vs. T'? scale for the corresponding Al-Cll-}';e-Mn i-system.

At higher temperature ranges the fits froma the log-log plots (figures (13,14))
suggest that the conductivity of AlgCu,s sFe; sMng and AlgCuys sFejgMn, 5 can be described
by the reiation: o(T)=0+AT" (p. 2-27) with the n values of 1.58 and 1.33, respectively

(table (7). Figure (21) shows this temperature dependence, i.e., a(T)=0,+T'* on a
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different scale for the Al,Cu,, ;Fe Mn,, composition. The similar value of n (1.35) has
also been reported by Tamura et al. (Tamura et al. 1995) for the Al-Cu-Ru i-alloy. The
comparable value (1.34) was‘ also obtained for a group of Ca-Al-Ga high-resistivity
metallic glasses by Naugle et al. (Naugle et al. 1986). Tamura et al. have attempted to
explain the n values in the scope of the variable range hopping model (p. 2-27). However,
for the three dimensional case the expected n value was estimated to be below unity (.
2-27). Although the high-temperature power law of conductivity may be explained by
invoking the band structure effect, the temperature dependence of the carrier density, or
the variable range hopping models, I am aware of no theory which explains the
corresponding high-temperature n values. However, the fits obtained from the WL theory,
over a wide temperature ranges, are the best for these alloys.

The n values obtained for the Alg,Cu,sFe;Mn, s and E-Al,Cu,s FeMn, s alloys
in intermediate temperature range (table (7)) are close. This fact indicates that an identical
scattering mechanism (or mechanisms) dominates the electron transport behaviour at this
temperature range in both alloys. The low-temperature analysis of these two samples
shows (figures (22,23)) that the resistivity‘ varies as logT over a wide range of
temperature. The values of the logT fit parameters are given in table (8). The values of
B (table (8)) are much higher than those reported for the FegCyp.,B, ferromagnetic
amorphous alloy. The logT dependence has been frequently related to Kondo (spin-glass-
like behaviour), and occasionally to the TLS effects (p. 2-17). However, none of these
effects have received enough theoretical foundation (Cochrane and Strém-Olsen 1984).

The strong logT effect in AlgCuyssFe,Mn,s and E-AlgCuss sFe,sMn, s alloys may



4-13
indicate another mechanism at low temperatures due to the impurity scattering, which in
combination with the EEI effect, leads to the strange low-temperature behaviour in these
alloys. The fit temperature ranges for the EE# (table (6)) and the logT effects (table (B))
suggest the existence of another mechanism at low temperatures. It is observed (tables
(6,8)) that the logT effect in the Alg,Cu, Fe, Mn,s alloy continues to much higher
temperatures, whereas the EEI effect is overwhelmed by other dominant effects (tables
(6,8)). The EEI effect was also observed in the Al-Pd-Mn-B ferromagnetic alloy (figure
(24)). which confirms the fact that the EEI is not a magnetic dependent effect (Dugdale
1987). In the other quasicrystalline alloys no such pronounced v'T dependence was found
at low temperatures.

In the Al-Cu-Ru stable i-alloy, which has the highest room temperature resistivity
and the negative TCR, the EEI was not found down to 10 K. The similar log-log plot
(figure (25)) for this alloy suggests that the temperature dependence of the resistivity over
a large temperature range can be best described by the Mott variable range hopping model
(p. 2-27) with n=0.9. As will be discussed later, the fit from the WL theory for this alloy
predicts a linear temperature dependence for the dephasing rate (7;=T?, p=1). In
disordered systems the 7,<T" can only be ascribed to the long range electron-electron
interaction in the strong-scattering regime (Plenet et al. 1992, Altshuler and Aronov
1985). Therefore, the absence of the EEI at low temperatures is the indication of the
deviation from the WL theory in this alloy. The deviation from the WL theory may be
due to the very high resistivity found in this alloy. The variable range hopping behaviour

on the metallic side of the metal-insulator transition in the Al-Cu-Ru alloy indicates the
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vicinity of the metal-insulator transition (Altshuler and Aronov 1985, Xiao and Chien
1986). This suggests the occurence of the localized electronic states at the Fermi level
rather than of the weakly localized states (Tamura et al. 1995). The density of the
localized states at the Fermi level in the neighbourhood of the metal-insulator transition
is very high, so that the Anderson localization coliapses and the alloy does not follow the
WL prediction (Xiao and Chien 1986). The resistivity data of the Al-Cu-Ru alloy could
not be fitted with the exp(AT"?) or exp(AT ") forms which are expected for an insulator

(Xiao and Chien 1986). This shows that the Al-Cu-Ru alloy behaves as a semimetal.
4.2.3) METAL-INSULATOR TRANSITION

In figure (26) the Al-Cu-Fe-Mn system is colmpared to the Al-éu-Ru high-
resistivity i-alloy on the metal-insulator transition plot suggested by Klein et al. (Klein
et al. 1992). The Al-Cu-Ru alloy was found to be the closest i-alloy to the metal-insulator
transition line. However, the parameters of this alloy do not lic on the transition line,
Other high-quality QCs have also been previously reported not to lie on this line
(Akiyama et al. 1993a). The vicinity of the metal-insulator transition line in the Al-Cu-Ru
alloy, as well as the electron hopping transport behaviour, can be taken as evidence of the
enhanced density of the localized electronic states and the decrease in the carriers density

at the Fermi level (p. 2-28).



4.24) WL THEORY

The experimental data on i-QCs were fitted with the exact formula of the WL
theory derived by Matsuo et al. (equation (24)), which includes the spin-orbit interaction.
The extra T'?term was also added for the expected EEI effect (Sahnoune et al. 1992). For
all of the alloys the best fits were obtained in the appropriate temperature ranges. The
temperature dependence of the conductivities along with the theoretical lines are shown
in figures (27-35). There were six independent parameters in the fit function (see
appendix (B)). Because of the large number of variables used, the standard fit-errors were
relatively high. The errors were minimized by fixing two parameters and fitting the other
four parameters. The calculated scati. ;ing parameters from the fitted parameters together
with the coefficients of determination are given in table (9). The fits are relatively good
for Al-Cu-Fe-Mn, with x=2.5, 5 and Al-Ge-Cr-Fe alloys over a wide temperature range.
Four scattering parameters are obtained directly from the fitted parameters. These
scattering parametets are: 1) the electron elastic mean-free path (1,), 2) the spin-orbit to
the inelastic scattering time ratio (t,/47,,), 3) the elastic to the inelastic scattering time
ratio (t4/7,,), and 4) the electron-electron or electron-phonon inelastic dephasing power
(p). The scattering parameters are related to the fitted parameters by the following

relations (see also appendix (B)):

1.=e*(vD){212}B, 1 J1,=D/3, t/t,=E/3, T=%,T, C=p. (33)
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4.24.1) ELECTRON-ELECTRON AND ELECTRON-PHONON DEPHASING

For the Al-Cu-Fe-Mn, with x=2.5, 5 alloys the value of ~1.5 found for the
dephasing power. This indicates that the electron-electron inelastic scattering is the
dominant cause of the dephasing of the quantum interference in these alloys (p. 2-23).
This value corresponds to the electron-electron scattering in the strong-scattering regime
(Sahnoune et al. 1992). The p~3/2 value has been reported for several Al-Cu-Fe stable
j-alloys (Matsuo et al. 1994, Sahnoune et al. 1992). For the Alg,CuyssFesMn;, and E-
Al,Cu, sFe.Mn, ; alloys the higher p values 1.7 and 2.1, respectively were obtained. The
value of 1.7 in the former alloy can also be due to the electron-electron dephasing in the
strong-scattering regime (p close to 1.5). However, in the latter alloy the value of 2.1 is
due to the electron-phonon dephasing in the weak-scattering regime (p. 2-23). The 1.7
value also can be due to the electron-electron inelastic dephasing mechanism (p. 2-23).
However, the presence of a dominant T'? term (EEI) observed at low temperatures (figure
(20)) strongly suggests the electron-electron interaction.

For the Al-Cr-Fe i-alloy the value of p-2 is likely due to the dominant electron-
phonon inelastic scattering process. The q'uasi-elastic election-phonon term observed at
low temperature for this alloy (figure (5)) confirms this fact. The p~2 value (table (9))
was also found for the Al-Pd-Mn-B alloy. The low temperature dominant EEl effect
(figure (24)) in this alloy suggests that the obtained value corresponds to the electron-
electron dephasing in the weak-scattering regime (p. 2-23). In the Al-Ge-Cr-Fe alloy the

p=1.3 value (table (9)) is due to the electron-electron scattering in dirty limit (kyl.<1)
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(table (10)). The resistivity ratio for this alloy is comparable to theresistivity ratio for the
Al-Cu-Fe-Mn system. The EEI effect was not observed for Al-Ge-Cr-Fe alloy; it might
have been overwhelmed at low temperatures by the dominant spin-orbit effect causing the
resistivity maximum around 30 K (figure (2-A)). The value of 1.2 for Al-Cu-Mn-B is
smaller than 3/2 (which correspond to strong electron-electron scattering regime) and does
not belong to 2<p<4 limit corresponding to the electron-phonen scattering. Therefore, it
can’t be explained in terms of the electron-electron or electron-phonon scattering.
However, from figure (4) one can see that the electron-phonon scattering is dominant at
low temperatures. One can thus conclude that the parameters of this alloy correspond to
the weak-scattering regime.

In tke Al-Cu-Ru i-alloy, with the residual conductivity of ~26 (Qcm)™ (which is
much lower than the Mott's minimum metallic conductivity of 200 (Qcm)™) the p~1 value
can't be explained in the scope of the WL theory. This value suggests a dephasing rate
which varies as: t,1= T (p. 2-23). This temperature dependence is caused by the electron-
electron interaction at low temperatures (Plenet et al. 1992), whereas the EEI interaction
(T"2 temperature dependence of the conductivity) was not found at low temperatures.

However, the absence of the EEI effect shows the deviation from the WL theory.

4.24.2) ELECTRON MEAN-FREE PATH

The values for the elastic electron mean-free paths (table (9)) indicate that all the

studied i-alloys are strongly disordered. These values are close to the interatomic distances
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in a typical crystalline metal (Kittel 1986). For the Al-Cu-Fe-Mn, with x=2.5, 5 and Al-

Pd-Mn-B alloys, the 1, values are larger than 3.2 A reported for an Al-Cu-Fe i-alloy
(Sahnoune et al. 1992). However, they are close to the value reported for the Al-Pd-Mn
i-alloy (Matsuo et al. 1994). The unphysically small value of 0.67 A has also been
reported for the Al-Cu-Fe stable i-alloy (Matsuo et al. 1993). The higher values of the
mean-free path in Al-Cu-Fe-Mn, with x=2.5, 5 and Al-Pd-Mn-B alloys confirm the fact
that the origin of the low conductivity in the strongly disordered alloys is not solely due
to the decrease in the electron elastic mean-free path (p. 2-30). This has also been pointed
out by Poon (Poon 1992). In the strong-scattering regime the increase of the resistivity
is due to the decrease in the g factor (and consequently in the decrease of the Fermi
velocity, vg, and the density of charge carriers, n) (p. 2-30). The small value of the
electron mean-free path in the Al-Ge-Cr-Fe alloy may explain the origin of the phonon

ineffectiveness of the inelastic scattering, which occures at the low mean-free path regime.

4.24.3) ELECTRON SCATTERING RELAXATION TIMES

Table (10) lists the electron scattering relaxation times obtained directly from the
fitted parameters (equation (33)). In the calculation of the scattering times it has been
assumed that v, = 0.5x10° cm/s for the Al-Cu-Fe-Mn, with x=2.5, 5 and Al-Pd-Mn-B
alloys, and vy = 2x10° cm/s for the rest of the alloys. The latter value was found
previously from the Evans' model in section 4.1. The reason for the use of 0.5x10" cm/s

(which is smaller than the free-electron valuc of 10° cmys) for the Al-Cu-Fe-Mn, with

v—
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x=2.5, 5 and Al-Pd-Mn-B alloys is to account for the reduced g factor (equation (30)) in
these alloys rather than for the decrease in the electron mean-free path (Mizutani 1993a).
In the high-resistivity limit the Fermi velocity of 0.2x10® cmfs has been estimated
(Mizutani 1993a). A much lower value of ~107 cm/s has also been deduced from the WL
theory for the Al-Pd-Mn i-alloy (Matsuo et al. 1994).

The values of the diffusion constant (D) (table (10)) for the Al-Cu-Fe-Mn, with
x=2.5, 5 and Al-Pd-Mn-B alloys are close to the values of 1.7 and 2 cm?/s reported for
the i-Al-Cu-Fe alloy (Matsuo et al. 1993). With one exception (the Al-Ge-Cr-Fe i-alloy),
the disorder parameter (kgl,) (table (10)) is larger than unity for all the i-alloys; this
justifies the use of the WL theory. The kel, value of 0.73 in the Al-Ge-Cr- Fe alloy
indicates the existence of a high structural disorder. The high value of disorder parameter
in this alloy also explains the value of ~1.3 found for the electron-electron dephasing
power (table (9)).

The elastic scattering times (table (10)) are much lower than those found in a
typical crystalline alloy (Kittel 1986) and are comparable to the corresponding values in
metallic glasses (Dugdale 1987). This confirms the fact that the i-QCs are strong elastic
scatterers. This is consistent with the Mooij correlation (p. 2-18) which predicts a negative
TCR for the strong elastic scattering alloys. The elastic scattering times are also of the
same order of magnitude as the values reported for the Al-Cu-Mg (Poon 1992) and Al-
Cu-Fe (Matsuo et al. 1993) i-alloys. The values of the spin-orbit and inelastic scattering
times vary over a wider range, but are typically of the same order as those determined

by Matsuo et al. (Matsuo et al. 1993} for the Al-Fe-Cu QCs.
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According to equation (27), the electron-electron dephasing relaxation time
(Altshuler and Aronov 1985) can be estimated by using the disorder parameters from
table (10). If we assume the Fermi energy of l'cV for i-QCs (Sahnoune et al. 1992), then
the values of the dephasing relaxation times are respectively 1.39x10"* s and 0.2x10°°
s for the Al-Cu-Fe-Mn, with x=2.5,5 and Al-Ge-Cr-Fe alloys. These electron-electron
scattering times are very close to the corresponding inelastic scattering times. This shows
that the dephasing of the quantum interference in these alloys is mostly due to the
electron-.electron scattering.

The inelastic scattering time in the Al-Cr-Fe alloy is much larger than that in
others alloys (table (10)). Consequently, a lower contribution to the negative TCR, which
is caused by the dephasing of the phase coherence by the inelastic scattering, is expected
for this alloy. This agrees with the large positive TCR found for this alloy (table (1)). In
the Al-Ge-Cr-Fe alloy a resistivity maximum occurs around 30 K (figures (2-A)). This
resistivity maximum is caused by the high spin-orbit scattering rate (1/7,,) with respect
to other alloys (table (10)) which contributes to the antilocalization effect (p. 2-25). The
spin-orbit effect in the Al-Cu-Fe-Mn, with x=5 alloy leads to the resistivity saturation at
low temperatures (figure (2-A)). Further investigations based on the magnetoresistivity
measurements are needed in-order to elucidate the role of the spin-orbit effect in these
alloys. The values of 7,1 in the Al-Cu-Fe-Mn, with x=5 and Al-Ge-Cr-Fe alloys are an
order of magnitude larger than the 1,;! value reported for the Al-Pd-Mn i-alloy (Matsuo

et al. 1994); this indicates the presence of a strong spin-orbit effect.
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4,2.4.4) SPIN SCATTERING IN THE FERROMAGNETIC ALLOYS

The resistivity maximum observed in the intermediate temperature range in the Al-
Pd-Mn-B alloy suggests the presence of the strong spin-orbit scattering at low
temperatures. The spin-orbit scattering causes the antilocalization at low temperatures and
the change of the sign of the TCR (figure (1-B)). However, the high inelastic scattering
found from fitting the equation (25) to the experimental data of the Al-Pd-Mn-B and Al-
Cu-Mn-B alloys (table (10)) would not allow the spin-orbit effect to act. Therefore, the
values of the inelastic and the spin-orbit scattering times are not consistent with the
resistivity maximum in the Al-Pd-Mn-B alloy, although they are close to the
corresponding values reported for the Al-Pd-Mn i-alloy (Matsuo et al. 1994). The origin
of the enhanced values of the inelastic scattering rates (table (10)) in these alloys is
neglecting the spin-magnon interaction effect. It was shown in section 4.1 that the spin-
magnon scattering is important to account for the electron transport properties of these
ferromagnetic alloys.

According to the formula given by Matsuo et al. (Matsuo et al. 1994), which

includes the spin effect, the modified values of the parameters in equation (25) are:

t=(1/ 7T, +6/T AT o 1/, 1=3T (1T~ 1/T,), =31, (1T H6/T)). (34)

This equation includes the new parameter T, which is the spin relaxation time. The

scattering parameters in equation (25) are changed from 1/7;, to (1/7;+6/1), and from
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1/t,, to (1/7,-1/t.) in equation (34). The comparison between equations (34) and (25)
shows that neglecting the spin effect will underestimate the spin-orbit and overestimate
the inelastic scattering rates. This comparison also shows that ignoring the spin effect
modifies the inelastic scattering rate more than the spin-orbit scattering rate.

By comparing the TCR values of the Al-Pd-Mn-B and Al-Cu-Fe-Mn alloys in
table (1) it can be concluded that the inelastic scattering time in the former alloy should
be relatively larger than that in the latter alloy. Therefore, one expects the inelastic
scattering time of about 10° s for the Al-Pd-Mn-B alloy which is one order of magnitude
larger than that for the Al-Cu-Mn-Fe, with x=2.5,5 alloys. Assigning a value of 1.3x10™"
s for the spin scattering time for the Al-Pd-Mn-B alloy the values of 8.4x10"% s and
0.84x102 s are obtained from equation (34) for the inelastic scattering and the spin-orbit
scattering times, respectively. Therefore, the ratio of t,/t,, obtained for the Al-Pd-Mn-B
alloy is much lower than the corresponding values for other alloys (table (9)) and explains
the presence of the strong spin-orbit scattering effect at low temperatures. By assuming
the same 1., for the Al-Cu-Mn-B alloy, a similar analysis gives 8.4x10"° s and 31x10"
s for the inelastic and the spin-otbit scattering times, respectively.

The fit with the modified formula gave 9.1x10° s* for 1/t in the Al-Pd-Mn i-
alloy (Matsuo et al, 1994) which exhibits the spin scattering effect. The corresponding
spin scattering rate in the Al-Pd-Mn-B alloy is one order of magnitude larger than that
obtained for the i-Al-Pd-Mn i-alloy (Matsuo et al. 1994). Tt can be concluded that the spin
effect in the Al-Pd-Mn-B ferromagnetic alloy is larger than that reported for the Al-Pd-

Mn i-alloy.
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It should be noted that the modification of the variables from equation (25) to
equation (34) would not change the I, values. The presence of the strong spin-orbit
scattering in the Al-Pd-Mn-B alloy may be due to the existence of the Pd element which
exhibits a strong spin-orbit scattering effect (Kobayashi and Komori 1985). The question
to be answered is that: how the spin-orbit effect can dominate in the presence of a high

internal magnetic field which destroys the antilocalization effect.

4.2.5) SCALING THEORY

According to the scaling theory, a correlation gap opens in either side of the
metal-insulator-transition (Cochrane and Strém-Olsen 1984, Altshuler and Aronov 1985,
Xiao and Chien 1986). This gap is characterized by a reduction in the single-electron
DOS which is related to the temperature dependence of the conductivity via the scaling
theory (Xiao and Chien 1986). The single electron density and the conductivity are scaled
by the following relations (Cochrane and Strém-Olsen 1984, Altshuler and Aronov 1985,

Xiao and Chien 1986):

N(E) = N(O)(1+ VE/A)) and 0 = g {1+ CVT) , (35)

where N(E) is the single-clectron DOS, E is the electron energy, A is the correlation gap,

and C=v(kg/A). The second relation in equation (34) describes the low temperature EEI

on the metallic side of the metal-insulator transition. The values of the gap were estimated
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from the T'? dependence of the conductivity data at low temperatures for the Al-Cu-Fe-
Mn system. The fit parameters and the values of the correlation gap are given in table
(11). The values of the gap are comparable to those reported for amorphous alloys
(Cochrane and Strém-Olsen 1984). The highest value is observed for the Al-Cu-Fe-Mn,
alloy with x=5, which is the closest composition to the metal-insulator transition line.
However, these values decrease quickly with decreasing the residual conductivity (table
(11)) and resistivity ratio (table (1)) in the Al-Cu-Fe-Mn i-system (table (1)). Figure (36)
shows the correlation plot for the Al-Cu-Fe-Mn system. As can be noticed from the figure
the correlation of the form A«p,2=02, which has been reported for amorphous alloys
(Cochrane and Strom-Olsen 1984), is not observed in this system. This correlation
suggests an increase in the gap with increasing the residual conductivity. Consequently,
a smooth vanishing of the gap in the vicinity of the metal-insulator transition is expected
for amorphous alloys (Xiao and Chien 1986, Cochrane and Strém-Olsen 1984). For the
Al-Cu-Fe-Mn i-alloys, the opposiie cormrelation is observed (figure (36)). The strong
composition dependence of the gap value can be noted for the Al-Cu-Fe-Mn system (table
(11)). This may be related to the possible composition dependence of the pseudogap at
the Fermi level which is believed to be related to the stability of QCs (Pcon 1992).

For the high-resistivity Al-Ru-Cu ailoy, which is the closest i-alloy to the metal-
insulator transition line, no gap was found. The absence of the gap is an indication of the
presence of the enhanced localized electronic states at the Fermi level (Xiao and Chien
1986). The variable range hopping behaviour found in this alloy, similar to the insulating-

like Al-Pd-Re i-QCs (Pierce et al. 1994), also indicates the presence of the strongly



localized states at the Fermi level (Tamura et al. 1995).
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TCR={(1/p(300))dp/dT

SAMPLE p(300) (LQcm) p(4.2)/p(300) PHASE
COMPOSITION + 0.1% (K") + 0.1%
Al CuyRuyg 35000 + 7000 -37x 10* 1.8 i-alloy
AlCuys Fe oM, ¢ 1529 + 350 -10 x 10* 1.28 i-alloy
Al,,Cuyg ;Fe, Mn; 1834 + 367 -14 x 10* 136 i-alloy
Al;Cuyy FeMn, s 5015 + 100 -1.0x 104 1.12 i-alloy
E-Al;Cuys JPeMny g 1325 + 265 -2.0 x 10 1.18 i-alloy
1
AlGe;,CrygoFeg, 343 + 69 -6.1 x 10 1.16 i-alloy
Al,Pd,,Mn,;B, * 4262 + 852 -39 x 10* 1.04 j-alloy
Al sCu,;Mn,,B, * 1550 1 310 28 x 10+ 0.70 i-alloy
|
Al CryFe, 90 & 18 8.3 x 10* 0.84 i-alloyJ
Alyg sPdy 0 Fo0s 124 + 25 48 x 10 0.95 d-alloy
Al PdyFe, 1265 + 253 2.64 x 10* 0.7 i-alloy
138 + 28 2.61 x 10* 0.95 amorphous

“ AlyFeqCegy

TABLE (1): List of the studied samples, the corresponding p values at 300 K, the TCRs,
and the resisistivity ratios. In the fifth column, i- refers to the icosahedral phase, and d-
refers to the decagonal phase. E- in the first column refers to the etched sample and the
star sign refers to the ferromagnetic alloys.
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SAMPLE B o, (K% «, ) TEMPERATURE P ‘
COMPOSITION £0.1% £ 0.1% RANGE (K)
|| AlgsCu,gMrni;oBg 1.60 x 10 0.70 10- 47 0.9997
Al CryFe, 0.39 x 10° 0.83 31.6 - 95 0.5991
Al GeyCriosPe, -0.31 x 10° 119 54.7 - 122.5 0.9993 |
“ AlyFe,,Ces s 0.49 x 10 0.95 12 - 24.5 0.9669 “
“ Al PdFe 0.27 x 10° 0.97 24.5 - 55 0.9988

TABLE (2): The coefficients obtained from the Ziman T? law (T<0p), ie.,
p(T)/p (300)=0y+,T? (equation (11b)). The coefficients of determination (%) are given
in the table. The data were fitted for the indicated temperature range.

SAMPLE o o, (KY) &) (K? T (RANGE) r’
COMPOSITION + 1% + 0.1% 1 01% {K)
Alucu;oMntS 0-59 3.2 b 10.3 ‘65 x 101 60 - 200 0.9997
Al CryFe, 0.79 0.87 x 10? 5.1 % 107 100 - 300 0.9999
AlgGesoCrygFeg, 1.23 -0.67 x 10? -3.0 x 107 110 - 280 0.9999 ||
A!nFc,,,-;Cc&_, 0.95 0.26 x 10'3 35 x 107 100 - 260 0,9994
Al Pd,Fe o 0.96 0.28 x 107 5.5 x 107 90 - 230 0.9994
T D

TABLE (3): The coefficients obtained from the generalized Ziman temperature
dependence (T=8y), i.e., p(T)/p(300)=c,+a, T+a,'T* (equation (11a)). The data were
fitted for the indicated temperature range. :
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-~
SAMPLE 8, (K) Sy(2ke)-1 W(0)/0,2 (K?) w©0)/8, K1)
COMPOSITION (107 (10%
AlsCu,MnyBs 233 1+ 1 -0.900 = 0.004 42 2 0.1 9.90 + 0.08
AlyCryFes 324+ 3 -0.700 £ 0.007 1.6 = 0.04 5.28 + 0.07
AlgGexCrygoFca; 39147 1928 + 0.003 . -
AlyFe,,Ceq 5 81 +2 -0,368 + 0.002 7.5 + 0.2 6.00 = 0.14
AloPdyoFe o 140 + 2 -0,321 + 0,001 55 0.1 7.80 £ 0.11
|

TABLE (4): The Debye temperatures were deduced from low- and high-temperature fit
parameters in tables (2,3) by using equation (12). The the low-temperature coefficients
of the Dzbye-Waller exponents (W(T)) (fourth column) and corresponding high-
temperature values (fifth column) are also given.
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SAMPLE o B:l% 2k, k, v,

(10%) (107 W) (A (A (10

COMPOSITION (pRem/K) (K" {cm/s)
AlsCu,gMnyBg 1.7 1.9 0.02298 3227 3.020 1.868
+ 0.7 + 0.00006 + 0.013 + 0013 + 0.007

AlyCryFe, 1.2 4.2 0.01715 3.0646 3.026 1.774

+ 02 1 0.00007 1 0.021 10013 £ 0.012

Al Gy CrigoFey, 3.6 8.4 0.0409 6.007 3.023 3.477
+ 0.7 + 0.0004 + 0.084 + 0.013 + 0.049

AlgFeq,Ceg s 0.73 49 0.00496 1.0289 2.616 0.595
£ 0.15 1 0.00002 10012 1 0.020 + 0.007
AlPdyFe, 0.87 62 0.01089 1.9545 3.078 1131
+0.17 + 0.00005 + 0.018 + 0,010 + 0,010
e — -

TABLE (5): The free electron parameters obtained from the Evans' (W(0),k;) (equations
(6-13)) and the generalized Ziman model (,() (equation (17)). W(0) is the 0 K Debye-
Waller factor. k, values correspond to the first peak wavevectors in the experimental
structure factor and vy is the velocity of the electrons at the Fermi level.

S

“ SAMPLE n T (RANGE) (K) r

“ AlgCu,g sFe,gMn, 0.62 : 0.01 10- 25 0.9888

“ Al Cuizs sFe, sMng 0.32 2 0.01 10 - 25 0.9399

" AlCuys FesMn, g 0.61 = 0.01 10 - 20 0.9997

“ E-Al,Ctiys sFeMn, ¢ 0.83 = 0.01 10 - 16 0.996
M—

TABLE (6): The low-temperature fit parameteres for the power law of conductivity, i.e.,
o=0, +AT". The fits were obtained from the log [(0-04)/0,] vs. log T graphs (figures

(13-16).
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SAMPLE n T (RANGE) (K) r “
AlgzCuys sFe oM, 5 133 : 0.01 63 - 281 0.9998 “
Al Cuys sFe, Mny 1.58 = 0.01 63 - 141 0.9998
Al ;Cuys sFesMn, 5 0.36 = 0.01 40 - 89 0.9989

E-Al,;Cuys sFesMn, 5 0.34 = 001 50 - 80 0.9959

TABLE (7): The high-temperature fit parameteres for the power law of conductivity, i.e.,
o=a, +AT". The fits were obtained from the log [(0-0,)/0,] vs. log(T) graphs (figures

(13-16)).

e

SAMPLE ] Bo T (RANGE) P
{(logK)") (K)
Al Cuys FeMny ¢ -0.04116 1.140 10 - 63 0.9597
+ 0,00002 £ 0.001
E-Al,,Cu,s FeMn, g -0.01728
+ 0.00005

TABLE (8): The low-temperature fit parameteres obtained from the fitting of the
resistivity data to: p(T)/p(300)=Pp, +PlogT. The fits were obtained from the p(T) vs.
log(T) graphs (figures (22,23)).
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———T———ﬂ_:mm
SAMPLE 1, T T, T/t p T-RANGE rt
A (10 (10%) X

Al Cuys Fe,(Mn, ¢ 10.7 34 7.8 1.50 10 - 200 0.95997
+ 0.3 +02 + 0.2 + 0.007

Al Cuyg sFeq JMny 10.9 26 7.4 1.57 10 - 200 0.99998
£+ 03 £ 0.1 + 0.1 1 0.005

AlCuyy FesMn, 2.0 18.3 1.50 1.71 10 - 95 0.99991
+ 0 =02 + 0,01 + 0.004

E-Al;,Ctys sFeMn, 44 0.054 0.170 2,08 10 - 0 0.99959
£ 0.1 + 0.001 + 0.003 1 0.004

Al CryFeg 3.7 1550 87 1.94 10 - 80 0.99903

+ 0.1 + 97 x5 + 0.01 1

Al Pd sMn B, 113 0.021 0.050 229 10 - 85 0.99957
+ 0.2 + 0.001 + 0,003 + 0,003

Al:Cu Mg Bg 4.2 5960 470 1.22 10 - 47 0.99985
+ 0.3 + 495 +9 + 0.004

Al GeyCriggFeg, 1.3 69 169 1.26 10 - 250 0.99997
+ 0.1 + 3.5 L4 & 0.004

Al CuyRu s 2.7 0.40 1.30 0.96 10 - 125 0.99990
+ 0.09 + 0.01 + 0.02 + 0.003

TABLE (9): The fit parameters obtained from the WL theory including the EEI and the
spin-orbit effects (equations (24,25)).
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SAMPLE D (cm?/[s) 7, (5) 7,,(8) T, (8) ke L)
(107 (10 (109
Al;Cuys sFe,oMn, ¢ 1.8 5.5 1.0 0.7 0.64
+ 0,06 = 0,1 = 0.1 = 0,1 + 0.02
AlgCuys sFey sMng 1.8 55 0.75 0.75 0.64
£ 0.1 z 0.1 + 0.05 + 0,05 £ 0.02
Al Cuys FeMn, g 1.34 4.0 2.0 0.0020 0.86
+ 0,004 = 0.01 + 0.09 = 0.0001 +0.01 |
E-AlCuys sFe,Mn, 2.94 8.8 I.1 26 0.390
+ 0.02 = 0.04 + 0.1 z 0.06 + 0.002
Al CriFeg 246 14 54 52
+ 0.02 + 0.1 + 0.6 + 4
Al,Pd,Mn,B, 19 56 0.85 0.021
z 0.03 0.1 + 0.02 + 0.001
Al CugMny, By 2.8 B.4 42 0.020
+ 0.2 + 0.6 +6 = 0,002
AlGeyCripsFes, 0.84 2,54 0.40 0.15
+ 04 + 0.04 + 0,02 £ 0,01

TABLE (10): List of the scattering parameters, assuming a Fermi velocity of 0.5x10°
em/s for Al-Pd-Mn-B, Al-Cu-Fe-Mn, with x=2.5, 5 and of 2x10° cm/s for the rest of
alloys. The parameteres have been obtained from the values in table (9). The last column
lists the values of the reciprocals of disorder parameters. In the calculation of these
parameters the free electron relations: 1.=v¢T,, D=vgl, /3 (Poon 1992) and equation (32)
were used.
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SAMPLE C. A log A log g r
COMPOSITION (K'7) (V) (logeV)) (og(Qcm)™)
AlCuys sFe,Mn, ¢ 1.82 6.5 0.8 2.7 0.95
+ 0.01 + 0.1 + 0.01 + 0.2
AlCusg sFe, Mn, 0.71 28 14 2.6 0.94
+ 0.02 £2 3 0.1 + 0.2
E‘Alﬁ:cuz_ngesMn-’”‘ 6.70 2-3 0-4 3-0 0.99
+ 0.03 + 0.02 + 0,01 +0.2
Al Cuyg sFesMn, 14,93 1.2 0.1 3.3 0.99
+ 0.05 + 0.01 x 0.01 £ 02

Table (11): The values of the correlation gap (A) for Al-Cu-Fe-Mn i-alloys. The values
were obtained from the fit of the low-temperature conductivity data to the function

0=0, (1+CVT), C=v(kyg/A), where kg is the Boltzmann constant.
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shown by a lineas dependence on this scale. The linear fit is also shown by the solid line.
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FIG. (24): The EEI effect in ferromagnetic Al-Pd-Mn-B i-alloy. The linear fit is given by the solid line.
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law of conductivity at low temperatures
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FIG. (27): Fit for AlCuy Fe, M1y i-alloy based on WL theory (including the EEI and the spin-orbit effects), The narrow line
indicates the theoretical prediction and the thick line represents the experimental data.
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FIG. (28): Fit for AlgCuysFeoMn, i-alloy based on WL theory (including the EEI and the spin-orbit effects). The narow line
indicates the theoretical prediction and the thick line represents the experimental data,
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FIG. (29): Fit for Al-Cr-Fe i-alloy based on WL theory (including the EEI and the spin-orbit effects). The narrow line indicates the
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CONCLUSIONS

The study of the temperature dependence of the resistivity in (a), (b), and (c) type
i-alloys (figures (2-A)) showed that the transport properties of these alloys can be
qualitatively explained in terms of the classical theories. The low- and high-temperature
variation of the resistivity is also consistent with the prediction of the extended Ziman
theory. These alloys have positive TCRs associated with the relatively low resistivities.
Therefore, these alloys are weak-scattering alloys in which the EEI and multiple scattering
effects can be neglected.

With one exception (i-Al-Pd-Fe), the Mooij correlation holds for the studied QCs.
The deviation from the Mooij correlation in the i~Al-Pd-Fe alloy is caused by the strong
Mott s-d scattering which introduces a high resistivity associated with a negligibly small
TCR. The strong Mott s-d scattering is also present in the studied ferromagnetic alloys.

The relation k,=2k; (table (5)) holds for the Al-Cu-Mn-B and Al-Cr-Fe alloys,
which is an indication of a strong FS-BJZ interaction in these alloys. The deduced value
of the Fermi velocity for these alloys {(~2x10° cm/s) (table (5)) is comparable to the free
electron value (10® cm/s) commonly used for QCs. A large contribution to the resistivity
from the magnetic channel is concluded from the enhanced magnitude of the quadratic
low- and high-temperature terms in the i-Al-Cu-Mn-B alloy as compared to other alloys

(tables (2,3)). In the i-Al-Pd-Mn-B ferromagﬁéfic alloy the pronounced quadratic
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temperature dependence was only detected at high temperatures.

The power law of the conductivity in the Al-Cu-Fe-Mn i-system suggests a general
dependence of the form T" for the inelastic scattering rate (1/t,). The low-temperature
dependence of the conductivity in these alloys and in the Al-Pd-Mn-B alloy is consistent
with the prediction of the WL and EEI theories. The high-temperature dependence of the
conductivity may be explained in terms of the temperature dependence of the charge
carrier density and electron hopping models. The low-temperature dependence of the
resistivity in Al-Cu-Fe-Mn, with x=7.5 can be described by the log(T) form, the origin
of which is unknown.

The low temperature analysis based on the WL and EEI theories showed that the
studied i-alloys can be satisfactorily explained in terms of the quantum interference
theory. The extracted low values of the electron mean-free path (table (9)) indicated that
all of the studied i-alloys are highly disordered. It is concluded from the temperature
dependence of the inelastic scattering rate (table (9)) that the strong electron-electron
scattering is generally present for the i-Al-Cu-Fe-Mn and Al-Ge-Cr-Fe alloys, whereas
for the i-Al-Pd-Mn-B alloy a weak electron-electron scattering is found. The dephasing
of the quantum interference in the Al-Cr-Fe and Al-Cu-Mn-B alloys was found to be due
to the electron-phonop scattering, which is similar to what is known for the low-resistivity
amorphous alloys. |

The resistivity maximum in the Al-Ge-Cr-Fe alloy around 30 K (figure (2-A)) and
the Al-Pd-Mn-B alloy is caused by the strong spin-orbit scattering and antilocalization

effect. Based on the analysis of the inelastic scattering times of the ferromagnetic alloys,
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it is concluded that the magnitudes of the corresponding times can only be explained by
invoking the spin scattering mechanism. The value of ~10'' s was estimated for the spin-
magnon scattering time in these alloys.

The temperature dependence of the conductivity of the stable i-Al-Cu-Ru alloy can
not be explained in the scope of the WL theory. However, it can be described by the
variable range hopping model. It is concluded that the semimetallic behaviour observed
in this alloy is responsible for the deviation from the WL theory. The vicinity of the
suggested metal-insulator transition line for this alloy with respect to the Al-Cu-Fe-Mn
j-system also indicates the increased density of localized states, which leads to the
collapse of the Anderson localization.

It is concluded from the variation of the values of the correlation gap in the Al-
Cu-Fe-Mn i-sysiem that the nature of the pseudogap at the Fermi level is significantly
different than that in an amorphous system. The correlation gap in the Al-Cu-Fe-Mn i-
systern was found to be strongly composition dependent. Hence, a small change in the

residual resistivity can lead to an anomalously different transport behaviour.
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APPENDIX (A)

The following program (written in basic language) has been used as a driver program to

control the electronic equipment together with the IEEE digital interface. The corresponding
primary and secondary address as well as the timout settings are shown for each device.

70

71

72

74

87

88

89

110
112
116
117
118
120
125
126
128
129
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131
133
1324
135
136
138
139
140
141
145
152
180
181
190
191
200
210
220
230
231
240
250
260

OFEN “O" ,#1, "OSON"
WHILE CHARS <> "@"
CHARS = INKEY%$

EQTZ = 1 ¢ EQSZ = O

REM

FM$ = SPARES(1S)

EN$ = SFACES(1S5)

FLS = SFACES$(7)

CALL IBCLR(DCMVOLT%)

BRDINDXZ = O 3 FAD% = 5 : SADZ = 0 : TMOZ = 14

EOTZ = 1 : EOSZ = O
ALL IBDEV(ERDINDX%,PAD%,SADY, TMO%,EOQTY, EOS%, DEMVOLTZ)
CALL IBTRG(DCMVOLTZ)

CALL IERD(DCMVOLTY, RM$)

CALL IBCLR (DCMLAMFY)

BRDINDX% = O : PADZ = 3 : SAD% = O : TMOZ = 14

EOT% = 1 : EOSY%Z = 0

SALL IEDEV(ERDINDXY,FADY,SADY%, TMO%, EQTY, EQSY, DCMLAMPY)
CALL IBTRE(DCMLAMPYL)

WRTS = "ROT1GL1EQ"

CALL IEWRT¢(DCMLAMPY, WRT$)

CALL IERD(DCMLAMPY, RN$)

CALL IBCLRCTHERMTRZ)

ERDINDXYZ = O : FPADZ = 12 : SAD%Z = O : TMO% = 14

EOT%Z = 1 : EOQS% = 0

CALL IEDEV(ERDINDXZ,FADY,SADY, TMO%,EOTY, EDS%, THERMTRY)
CALL IBTREC(THERMTRYZ) '

CALL IERD(THERMTRY,RL$)

TL = VAL(RLS)

FRINT RM$;" ";RNS$;" ";FLS$

REM T "EXPRIMENT IS RUNNING !!!"

FRINT#1 ,RM$;" ":RN$

PRINT#! ,RL$

GP% = O

2ALL. IBONL (DCMVOLTY%, GRP%)

CALL IBONL (DCMLAMPY,GPY)

CALL IBONL(THERMTRYZ, GP%)

PRINT " "3 "EXPRIMENT IS RUNNING !!!!

WEND
CLOSE#!
END



APPENDIX (B)

The quantum correction to the conductivity is given by equations (24,25). The
experimental conductivity data were fitted by the quantum corrected formula which
includes the Boltzman temperature-independent term (equation 26). The T'? term (the last
term in the following equation) was also added for the expected EE effect (Altshuler and
Aronov 1985). The total conductivity function is related to the fit parameters by:

o(T) = A + (B/1)[F, + F,- F;+ F, + (1/2)E” (F, + Fo)] + GT'”?
where T is the temperature and:

F, = -2(D/(4E)'? (T**)xtan™(D"2)(T ")

F, = ((DTC+4)/E)"®xtan™ (DT +4)?

F, = 3((4E+DT +4)/E)'* xtan (4E+DT +4)/E) *

F, = 3((4E+DT)/E)?xtan" (4E+DTC)/E)'?

F; = log((DTC+5)/(DT¢+1))

F, = 3log((4E+DT+1)/(4E+DTC+S5)).



The fit parameters A, B, C, D, E, and G are defined as:

A = e’DN(E;) + constant D =31 JT,
B= E =3t /T,
T, = 7,1 G = 0.915(Fs-3/2)0(0) (€42 ) (kg/hD)'” ,

where 1, is the coefficient of the temperature dependence of the inelastic scattering, Fo
is the screening factor in the electron-electron interaction term (Sahnoune et al. 1992), and
other parameters have their usual meanings.

The parameters A and G in the fitted function were fixed to the values based on
an educated guess and the other four parameters were obtained from the fit. In this way,
standard errors associated with the fitted parameters were minimized. The typical fixed
parameters for Al-Ge-Cr-Fe i-alloy are A=5000 (Qcm) and G=29.19 ((Qcm)™ K'?). The
electron mean-free path was calculated from the fitted values of B and D by using the

relation:

1, = e¥(vD)/(2721B) .





