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Abstract

The purpose of this study is to investigate the conduction electrons’ interaction mechanisms
over the wide temperature range in order to find possible deviations from the existing theories. The
temperature dependence of the electrical resistivity of two scattering systems, the crystalline and the
amorphous, in the range of 1.7-300 K is studied. In the pure crystalline metals, the nearly-free-
electron model can qualitatively and quantitatively account for the temperature dependence of the
electrical resistivity. In the low-temperature range, the electron-electron scattering is the dominant
scattering mechanism. Above the Debye temperature, the phonon-electron scattering is the dominant
scattering mechanism.

The temperature dependence of the electrical resistivity for the amorphous metallic alioys can
be described qualitatively by the Ziman model. The scattering mechanism of the conduction electrons
of the samples can be categorized in the weak scattering limit regime. A small. but significant
correction must be added to the Ziman model in order to account for the additional scattering
contributions that exist in the wide temperature range.

In the very-low-temperature range the electron-electron interaction effect is the major
correction to the temperature dependence of the electrical resistivity. In the low-temperature range,
the weak localization effect is the major correction to the temperature dependence of the electrical
resistivity.

In the high-temperature range, the temperature dependence of the electrical resistivity is linear
with a small but significant correction. For some samples the magnetic contribution is the major
correction, for others the muitiphonon scattering is the major correction. For the resistivity minima at
temperatures below 20 K could be due to the Kondo effect. A more plausible explanation. however, is
the electron-electron interaction effect. The Ziman model with the proper corrections is found to be an
adequate and successful model in accounting for the temperature dependence of the electrical

resistivity of all of the studied amorphous metallic alloys.



Acknowledgement

I would like to acknowledge the support of my professor and thesis supervisor, Dr. Z.M.
Stadnik. I will always be grateful for his tremendous support and inspiration for this project. I would
also like to acknowledge Dr. G. Lamarche for his invaluable advice and contribution to the
experimental part of this work. I would also like to thank Dr. B. Blanchard for assisting me in some of
the complex mathematical areas of the thesis. Dr. E. Fortin and Dr. A. Song must also be thanked for
their kind words of encouragement and wisdom throughout the past years.

Many heartfelt thanks go to Ms. H. Laccasse who has been extremely helpful and generous to
me over the past year. | would also like to thank the kind staff in the machine and electronic
workshops.

A special acknowledgement is due to the Ministry of Education of the State of Kuwait. This
thesis is, in part, a result of the many years of support from the Ministry during my undergraduate
studies.

Finally, a deep and most loving acknowledgement to my family. I thank my parents for their
continuous support and affection. I thank my wife who has most patiently endured and has done a

wonderful job in raising our beautiful children, Mustafa, Khalil, Amenah, and Ahmad.



Contents
1. Introduction
1.1 Purpose of the thesis
1.2 Scope of the work
2. Theoretical review
2.1 Introduction
2.2 Temperature dependence of the electrical resistivity in pure
crystalline metals
2.2.1 General relation
2.2.2 Different contributions
2.2.3 Lattice resistivity
2.2.4 Residual resistivity
2.2.5 Umklapp scattering
2.2.6 Kondo effect
2.3 Temperature dependence of the electrical resistivity in amorphous
metallic alloys
2.3.1 amorphous metallic alloys
2.3.2.1 Group I
2.3.2.2 Group II
2.3.2.3 Group 111

23.2.4GroupIVand V

2-1

2-6

2.7

2-7

2-8



2.3.3 Ziman theory 2-9

2.3.4 Extended Ziman theory for transition metals 2-11
2.3.5 The Mott model 2-13
2.3.6 The generalized Faber-Ziman theory 2-15
2.3.7 Mooij correlation 2-16
2.3.8 Beyond the nearly free electron model 2-16
2.3.8.1 Weak localization 2-17
2.3.8.2 Magnetic field effect on WL 2-19
2.3.8.3 Spin-orbit coupling effect on WL 2-19
2.3.8.4 Electron-electron interaction 2-20
2.3.9 Summary 2-21
Figures 2-23

3. Experimental procedure

3.1 Introduction 3-1
3.2 System design 3-1
3.3 Electronics 3-2
3.4 Software 3.5
3.5 Cryostat 3-5
3.6 Sample preparation 3.7
3.7 Procedure 39

Figures 3-11



4. Results and discussion
4.1 Introduction 4-1
4.2 Temperature dependence of the electrical resistivity in pure

crystalline metals

421T<6K 4-2
4.22T<06p 4-2
4.23T>0p 4-2

4.3 Temperature dependence of the electrical resistivity for samples of
group I

4.3.1 Introduction

432T<6K 4-3
433T<0, 4-5
4.3.4T>0, 4-6

4.3 Temperature dependence of the electrical resistivity for samples of

group V
4.3.1 Introduction 4-7
432T<6K 4-7
433T<0Op 4-8
4.34T>06p 4-8

Tables 4-10



Figures 4-14

§S. Conclusions 5-1



1. Introduction

An amorphous solid, often referred to as glass, is a non-crystalline solid obtained by
supercooling the liquid. The cooling rate has to be extremely small in comparison to the time of
crystallization. An amorphous material has higher energy than a crystalline one. The structure of an
amorphous material is a liquid-like structure and the density of an amorphous solid is less than that of
a crystalline solid. We can, to some approximation, treat an amorphous solid as a nearly-free-electron
liquid. In such a liquid, the density of states at the Fermi level, DOS, has a minimum value when
twice the Fermi wave vector, 2k, equals the first peak in the structure factor of the liquid, &,

The glass structure is not completely random; it lacks the long-range structure only. As a
result of the chemical bonds and forces between the atoms, there exists a certain type of short-range
order and an average nearest neighbour configuration. Unlike the crystalline structure, the short-range
order does not repeat itself periodically and it also has different orientations. The X-ray diffraction
technique does not determine the structure of the glass. The only information that can be obtained
from the X-ray diffraction is the radial distribution function, which gives the average distance
between two atoms [1].

Since the discovery of the first amorphous metallic alloy in 1959, different models were
constructed to try to account for the anomalous temperature dependence of the electrical resistivity.
The first successful model was the Ziman model in 1961, which originally was put forth for liquid
simple metals. However, many of the amorphous metallic alloys which contain transition metals
deviate from the Ziman model because of the s-d strong scattering process. Evans, in 1971, modified
the Ziman model to include the s-d scattering in the calculation of the electrical resistivity. In the

following year, Mott suggested another model for the temperature dependence of the electrical



resistivity in the amorphous metallic alloys containing transition metals. Another modification to the
Ziman model came in the form of the generalized Faber-Ziman model, which solved the anomalous
scattering in the sp amorphous metallic alloys [2,3].

All of the above theories were based on the nearly-free-electron approximation. However,
they failed to explain the resistivity minima and the anomalous negative temperature coefficient of the
resistivity over the wide temperature range. These two anomalies were explained by quantum
interference effect theory [2-4]. This theory describes two major effects, namely, the weak
localization effect and the electron-electron interaction effect. These effects explain the existence of
the resistivity minima and the anomalous negative temperature coefficient.

Amorphous metallic alloys have properties that are very interesting to researchers. The most
important, and the easiest to measure, is that of electrical resistivity. Amorphous metallic alloys have
the following electrical resistivity properties: 1) negative temperature coefficients of resistivity over a
wide range of temperatures, 2) electrical resistivity minima, 3) high resistivity values compared to
those of crystalline counter alloys, and 4) small changes in values of their electrical resistivity in
relation to temperature. Although the amorphous metaliic alloys commonly have glass structures, they
do have completely different temperature dependence of the electrical resistivity depending on the
amorphous alloy composition. The amorphous metallic alloys can be divided into five groups
according to their magnetic status: 1) the ferromagnetic amorphous metallic alloys. 2) the weak
ferromagnetic amorphous metallic alloys, 3) the spin glasses, 4) the paramagnetic and diamagnetic,

and 5) the weak paramagnetic [5].



1.1 Purpose of the thesis

In this experimental study, the temperature dependence of the electrical resistivity of two
scattering systems in the range of 1.7-300 K is studied. The first system is the crystalline system,
which is used as a tool to verify the accuracy of the experimental setup. It is also used to compare the
scattering mechanisms of the conduction electrons of the well-defined structure with the scattering
mechanisms of the amorphous structure. The second system is the amorphous system where no long-
range structure exists. The purpose of this study is to investigate the conduction electron interaction

mechanisms over the wide temperature range in order to find possible deviations from the existing

theories.

1.2 Scope of the work

The temperature dependence of the electrical resistivity in the temperature range of 1.7-300
K is discussed within the framework of the classical theories and the quantum interference theories.
The samples used included two crystalline pure metals, seven ferromagnetic amorphous metailic

alloys, and four weak paramagnetic amorphous metallic alloys.



2. Theoretical review

2.1) Introduction

The theory of electrical resistivity of the crystalline metals is based on the Boltzmann
equation of transportation [6] using the nearly free electron model. This equation is valid for
amorphous metallic alloys, even though these alloys do not have a long-range structure. The
Boltzmann equation does not hold, however, for amorphous metallic alloys in the strong scattering
limits. In order to better understand the temperature dependence of resistivity for amorphous metailic
alloys, it is useful to have a short review of the temperature dependence of resistivity in the crystalline

metals.

2.2) Temperature dependence of the electrical resistivity in pure crystalline metals

2.2.1) General relation

According to the free electron Fermi gas model, the valence electron of a metal becomes a
conduction electron and moves freely through the metal. The free electron model assumes that all
electrons at the Fermi surface are s-like electrons. This will lead to a spherical Fermi surface. Let us
assume that there is a constant applied electric field to the metal. The Fermi surface, under the applied
electric field, will move as a whole sphere. The sphere will move with a constant speed, assuming that
all the different scattering processes in the metal are steady. The electrical resistivity is then given by

the Drude formula [7]
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P e @-1)
where »n is the number of electrons per unit volume of mass m, and charge e, and ris the time between
two collisions. Eq. (2-1) illustrates the relation between the different scattering processes and the
electrical resistivity. The Drude formula is reasonable and gives a very good insight into electrical
resistivity in the case of simple monovalent metals where the Fermi surface lies entirely in the first

Brillouin zone. The assumptions of free electrons and a uniform scattering rate over a perfect Fermi

sphere are clearly severe restrictions on its applicability 7).

2.2.2) Different contributions to the electrical resistivity of pure crystalline metals

The temperature dependence of electrical resistivity varies over a wide range of temperatures.

There are four major contributions to the electrical resistivity in crystalline pure metals.

2.2.3) Lattice resistivity

For temperatures larger than the Debye temperature, © ,, the temperature dependence of the

electrical resistivity in most metals is proportional to the number of conduction electron collisions
with the thermal phonons. The number of thermal phonons is, in turn, proportional to the temperature.
As a result, there is a linear relationship between the electrical resistivity and the temperature [6]
p=a+bT, T>0,, (2-2)
where a and b are constants. At liquid helium temperatures, the contributions from other types of

scattering are much stronger than the contributions from the scattering with the thermal phonons. For

22



example, the electron elastic scattering leads to a contribution proportional to72. The resistivity can

be written as [6]
p=d+cT*, T=4K, 2-3)

where d is a constant.

2.2.4) Residual resistivity

The electrical resistivity dependence at low temperatures is caused mainly by the scattering of
conduction electrons with the defects in the crystal and the impurity atoms [6]. This residual

resistivity is the extrapolated resistivity to 0 K because the lattice resistivity, &, vanishes as
temperature goes to 0 K. The residual resistivity is an indication of the amount of impurity in the pure
metal. Matthiessen’s rule can be written as [6]

Pr =P+ Pos 2-4)
where p,. is the total resistivity. Matthiessen’s rule gives an empirical equation which is only valid
if: the impurity scattering and phonon scattering are independent and if the relaxation time is isotopic

[7]. Matthiessen’s rule shows that the total electrical resistivity of a metal is the sum of o and pj,

2.2.5) Umklapp scattering

Umklapp scattering is a large-angle scattering of the conduction electrons by the lattice
phonons at low enough temperatures. The angle of the scattering, &, is close to 7 {fig. (2-1)]. At low

temperatures, umklapp scattering is the largest contribution to the electrical resistivity. In this



scattering the electron momentum change is much larger than in the normal scattering process. A
reciprocal vector Q is involved in this collision between the electron and the phonon. This process
makes the electron momentum change much larger than under the normal scattering process. The
normal electron phonon scattering process in k-space is [6]
k'=k+1, (2-5)

while the umklapp scattering process is

k=k+l+Q, (2-6)
where k&, k', / and Q are vectors in the k-space [fig. (2-1)]. The Umklapp scattering process is a
scattering involving the same phonon but ending in another Brillouin zone at a point exactly
equivalent to the same point where the electron was before the collision. Figure (2-1) shows both the
normal and the umklapp scattering. When the Fermi surface lies totally inside the Brillouin zone there

is a minimum phonon vector g for umklapp scattering to take place. At low enough temperatures the

number of phonons available for umklapp scattering falls as [6]

o))
T

where @y is the umklapp temperature. The umklapp temperature is a characteristic temperature for a
metal and is calculated from the geometry of the Fermi surface inside the Brillouin zone. The
umklapp scattering process vanishes as the temperature goes far below @, . The electrical resistivity

then is caused by normal small-angle scattering processes.



2.2.6) Kondo effect

In some pure metals with ferromagnetic impurities, the temperature dependence of the
electrical resistivity curve has a minimum. The reason for a resistance minimum is the existence of a
localized magnetic moment on the impurity atoms. Kondo showed that the minimum electrical
resistivity at very low temperatures is due to the presence of unfilled 4 shell ferromagnetic impurities
in the pure metal. This leads to a net spin in the host metal at very low temperatures. A spin

dependence contribution to the electrical resistivity is [6]

p""' =cp’[l+3ﬁ.;JlnT} =Cpu—cp.lnT’ (2'8)

F
where J represents the exchange energy, z is the number of nearest neighbors, c is the concentration,

P is a measure of the strength of the exchange scattering, and Er is the Fermi energy. One can see

from the above equation that for negative ./ at low temperatures an increase in the electrical resistivity
occurs when the temperature decreases. In the case of unfilled d shell magnetic impurity atoms which
produce a net spin in the host metal, J is negative (8]. To find the temperature at which the Kondo
effect has a minimum in the resistivity, we use the resuits from Bloch analytic equation. This equation
suggests that the contribution from the scattering by phonons to electrical resistivity at very low

temperatures is proportional to [7]

5
pPx—. 29
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Because the electrical resistivity is additive, then the total electrical resistivity is [6,8]

P =al’ +cpo—cpInT. (2-10)

Differentiating eq. (2-10) gives us the following



WPoa _ 5,74 _P.. @-11)
dr T

The minimum temperature from eq. (2-11) is

min

%
=| P (2-12)
da

Iﬂ
i
|

2.3) Temperature dependence of the electrical resistivity in amorphous metallic alloys

2.3.1) Amorphous metallic alloys

Amorphous metallic alloys generally have very high electrical resistivity, typically more than
100 u€rcm, compared with the electrical resistivity of crystalline metals or crystalline metallic alloys
[9]. The temperature dependence of resistivity changes very little from room temperature down to
liquid helium temperature [10]. They have also high residual resistivity [11]. Amorphous metallic

alloys have been classified into five groups according to their magnetic status [5,12,13].

2.3.2.1) Group I

This group contains the ferromagnetic amorphous metallic alloys. The amorphous alloys in
this group have two main features. First, the Curie temperature, T, is above room temperature.
Second, the electronic specific heat coefficient, ¥, is usually between 5 and 7 mJ/mol'K?. Usually, ¥

is used as a very good approximation of the DOS at Er, provided that the electron phonon
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enhancement effect factor is between 0.2-0.6. In general, ¥ depends on the composition of the alloy
but not on the alloy’s structure.

The Fermi level lies within the d band, and the dominant electrons at the Fermi level are d
electrons. These amorphous alloys have a positive temperature coefficient of resistivity, TCR, near
the room temperature. They often have a negative TCR at very low temperatures. The change of the
sign of TCR leads to a resistivity minimum. The resistivity minimum does not depend on any external

magnetic fields and does not exist in the crystalline counterpart.

2.3.2.2) Group II

This group includes the weak ferromagnetic amorphous metallic alloys. These alloys have
two main features. T; is below room temperature and the alloys have spontaneous magnetization. The
Fermi level also lies within the d band. A resistivity minimum or maximum is usually observed in the

region around 7. This minimum or maximum shows a marked magnetic field dependence.

2.3.2.3) Group II1

This group contains amorphous metallic alloys which have magnetic moments. However,
they do not show spontaneous magnetization even at low temperatures. This group usually is prepared
by adding magnetic atoms in diluted concentrations to a non-magnetic alloy. The resulting amorphous
alloy will experience an effect similar to the Kondo effect in the crystalline materials. If the number
of magnetic atoms increases, they will start to interact with the host amorphous alloy via the

conduction electrons. The conduction electron, one which has a spin parallel to the magnetic atom

2-7



moment, will be under the influence of a repulsion force. The conduction electron motion will change
from a parallel spin to an oscillatory spin and this oscillatory spin will decay as the electron moves
farther from the magnetic atom.

Similarly, the anti-parallel spin conduction electron will be under an attraction force and the
motion will change from anti-parallel spin to oscillatory spin distribution, which also decays over
distance. The overall effect [fig. (2-2)] is to have an oscillatory spin density, which decays with
distance [6]. These amorphous metallic alloys are known as spin glasses. This group can have

minimum or maximum resistivity values. The Fermi level also lies within the 4 band.

23.24)GroupIVand V

These two groups include the paramagnetic and diamagnetic (group IV) and the weak
paramagnetic (group V). The Fermi level for group IV either lies in the d or the sp band. The Fermi
level for group V lies completely in the sp band. For a given amorphous alloy system, in these two
groups, the temperature dependence of the electrical resistivity can be described weil by one of five
curves of resistivity, [fig. (2-3)]. Curve (a) is characterized by a positive TCR with no minimum. The
curve has a quadratic temperature dependence at low temperatures and a linear one at higher
temperatures. As the residual resistivity increases, the temperature dependence of resistivity is
represented by curve (b). This curve has a positive TCR at low temperatures, which changes to a
negative TCR at high temperatures, resulting in wide maximum value of the resistivity at intermediate
temperature values. When the residual resistivity increases [curve (c)], a dominant negative TCR can
be seen with no maximum values. At low temperatures, a negative quadratic dependence is seen. A

further increase in the residual resistivity will result in curve (d), where the curve loses its negative



quadratic dependence to a linear dependence. At the highest values of residual resistivity, we have

curve (e) where the curve has convex curvature.

2.3.3) Ziman theory

In 1961 Ziman put forth a theory for the temperature dependence of electrical resistivity for
liquid metals. In his model he relates the temperature dependence of electrical resistivity to the static
structure factor determined from the experimental X-ray diffraction data. As mentioned in section 1.1,
in a nearly free electron liquid there is a minimum value in the DOS when 2k equals ,, [fig. (2-5)].
Ziman predicted [2,11] that the electrical resistivity will be high and have a negative TCR when 2k is
near or equal to &, and if 2k is well above or well below &, then the electrical resistivity will be low
and have a positive TCR.

In Ziman theory, there are several assumptions made in order for the theory to be valid {5,12].
The electrons are scattered elastically by each single individual atom. The multiple scattering of
electrons is neglected. The electron mean free path is well defined and it is longer than the inter-
atomic distances. The conduction electrons are treated as plane waves, i.e., the concept of Fermi
surface is well defined. The Born approximation is valid, which means that scattered electrons can be
treated by the first-order perturbation theory by using an appropriate, but not unique, weak pseudo-
potential. Ziman used the Boltzmann equation to derive the resistivity formula [2]

_=’ Q
hmv. N

(V@) s@)4q 1 2k.) d(q 1 2k,), @-13)

0
where V(g) is the pseudopotential, N/(2 is the number of atoms per unit volume, v is the Fermi

velocity, and S(g) is the structure factor. The temperature dependence of the structure factor is the
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reason for the temperature dependence of the electrical resistivity in this model. For a monovalent
metal [fig. (2-5)], 2k is located away from k;,; this will lead to an increase in the value of S(g) with
the increase of temperature. A positive TCR is predicted. For a divalent metal, 2k is near the k,; and
S(g) value will decrease with the increase of temperature, leading to a negative TCR [2].

The structure factor is a dynamical quantity, S(g, @), with elastic and inelastic contributions.

The correct resistivity structure factor S.(g) should contain an appropriate correcting function given

by [2,14]
“ x
S.(q)= I S(q,w) e—,_—ldco, (2-14)
where x = d . At high enough temperatures — |, which means that S.(g) is the same as

8
S(g). At low enough temperatures, the temperature dependence of resistivity is the sum of two
opposite effects. The first effect is a decrease in the resistivity due to a decrease in the elastic

scattering, which can be written as [2)

Pt = POY1-aT?). @-15)

The second effect is a resistivity increase due to the inelastic scattering. The second effect can be
written as [2]

Pcasrc = PON1+aT?). @-16)

The resistivity increase is more by a factor of two. This will lead to a total resistivity dependent on

+T?.The T? dependence is a characteristic phenomenon of phonon scattering in disordered systems.

Ziman model is considered to be an adequate and a successful model when dealing with the

amorphous metallic alloys in the weak scattering limit {2,15,16]. In the weak scattering limit the

electrons mean free path is long compared to the inter-atomic distances. The electron motion is along



a classical trajectory and the electrons do not suffer multiple scattering. However, the Ziman model
fails to explain why do most of metallic glasses have minimum values in their resistivity at low

temperatures, usually below 20 K.

2.3.4) Extended Ziman theory for transition metals

Transition metals (scandium through zinc) have the 34 orbital filled before the #p one. The 3d
and the 45 levels overlap in energy. This will cause some electrons to fill the N shell before the M
shell is completely filled. This effect gives the transition metals a fairly similar chemical properties.
Iron, cobalt, and nickel have stronger ferromagnetic properties due to the partially filled 34 sub-shell.
These properties are a result of the Pauli exclusion principle. This principle allows several electrons
of the same parallel spin to exist in the 3d and 4s sub-shells [17].

Because of the strong interaction between the 3d and the s, it is not possible to introduce a
weak ion-electron pseudopotential to calculate the resistivity. Even in crystalline transition metals the
interaction, or hybridization, between the 3d and 4s sub-shells usually leads to a lower DOS for free
electrons at the Fermi Energy.

In 1971, Evans extended the Ziman theory to amorphous transition metals by using the
muffin-tin model [18]. In this model each ion is considered as a sphere center. The potential of this
sphere is considered to be spherically symmetrical. The ion spheres are not allowed to overlap [18].

For transition metals we need to consider the d-phase shift 7 because the s- and p-phase shift
are zero. In this model we still assume that the d band does not modify the free electron s band. We
also assume the scattering is weak, and the Boltzmann equation is valid. Because of these

assumptions, Evans’ approach to extend the Ziman theory is only valid for the case of weak scattering



amorphous metallic transition alloys [19]. The resistivity formula for this model can be written as

(17):

i *Z%Sm’[n<ezp IS, (2K, ), @17
where (2 is the atomic volume, 7(E;) is the d partial wave phase shift, Syf2kz) is the temperature
dependent structure factor. Si(k) can be estimated as

S (k)= 1+[S, (k) - 1]e" (D (2-18)
where Si(k) is the equilibrium structure factor and exp[-2Wy(T)] is the Debye-Waller factor. The

Wi(T) of the exponent is equal to

20,/T
T | % zdz
W, (T)=W, (0)+| — , 2.19
L (1)=W,(0) [@] ;!e‘-l 2-19)
where
w,(0) = k) (220)
For k=2k,
w,(0)= SUke)” @-21)
2Mk,0,

In low and high temperature limits, eq. (2-19) reduces to

4

W, (T) = W,(0) + 4, (0) - (=—)?, T<<®,, (2-22)
6 0,
T
W(T) =4 (05—, T20,. 2-23)
]

For the amorphous metallic alloys that contain ferromagnetic transition metals and have

resistivity minimum, the resistivity formula can be written as [20,21]

[}
0

—
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pAT)=a,+alnT, 4<T<12K (T<T,), (2-29)
()=, +pr*, 50<T<100K (T>T,), (2-25)
PN =y, +y,T+)T*, 200<T<300K, (2-26)
where ay, a, 3, Bo, Yo, Y1, and y are constants. We can estimate the Debye temperature as

2
Yy,

O,=—. -
D 6(8-7) (2-27)

n

2.3.5) The Mott model

In the Mott model, the scattering of conduction electrons is due to what is called the
fluctuation in the local environment due to the structure disorder. The resistivity is caused by the
existence of large number of empty d states which the s electrons can scatter into. Mott assumes that
the s electron mean free path is large compared to the average inter-atomic distance and the 4 electron
mean free path is close to the average inter-atomic distances. The conduction is caused by unmodified

free electron band. The resistivity equation can be written as [2]

(2-28)
= ltdc 23dlnN2dle
p-po{l-g( sT) [(EE_ ) -En d]IE,EF}’

where N, is the number of d electrons at the Fermi energy. The broadening of the Fermi function with
increasing temperature can, in principle, lead to the temperature dependence in resistivity. However,
the temperature dependence according to eq. (2-28) is extremely small, ieading to an almost
temperature independence of resistivity [2].

The Mott model gives another important relationship between the resistivity and the g-value.

The g-value is defined as the ratio of the DOS at Erover the corresponding free electron value [5]



&= free\
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Vi

v (2-30)

g =
The conductivity, according to Mott model, can be written as [5]
=§e2ngFv{f‘N(E,.-)/m, (2-31)

where A is the elastic mean free path and v; is the average Fermi velocity. The g-value can give an
indication of the behavior of resistivity for a given amorphous alloy. If g =1, then we are in the weak
scattering limit [5,22] because the mean free path is long and the speed of the conduction electrons
equal approximately the speed of the free Fermi electrons (~10° m/s). We have the ordinary
dependence of +T7. If g =0.2-0.3, then we are in the strong scattering limit. In this limit, Ax is

constant and equals the average inter-atomic distances. Eq. (2-31) can be written as (5]

oc=Cg’, (2-32)
1, , . :
where C = Ee'A VIS N(E ;)™ = consant . The g dependence of conductivity agrees with the

experimental data for some of the strong scattering alloys [5]. We can write the resistivity in the

strong scattering limit as

p=Cg™. (2-33)
where C, = C. The resistivity in Mott model is related to the g-value and not to T, which is in
agreement with the conclusion taken from eq. (2-28).

In the Mott model, like in the Ziman model, the unmodified free electron band is responsible

for carrying the current. However, the electrons in the Mott model are considered to be more tightly

~
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bounded to the ions of the alloy. The scattering is caused by the fluctuations in the potential of those
ions, while in the Ziman model the scattering is caused by the ionic potential wells. Finally, the Mott

model does not depend directly on the structure as the Ziman model does [2].

2.3.6) The generalized Faber-Ziman theory

The electrons in the Ziman model are considered to be scattered elastically. In some sp
amorphous metallic alloys, TCR changes sign when py is about 40-60 uQcm and it has no relation to
2k: and k,; [5]. This theory includes the electron-phonon interaction factor into the original Ziman

model [23]. The resistivity can be written as [23]

~20(T)
L]

p=(p, +Ap)e
where py is the residual resistivity, Ap is the contribution due the inelastic electron-phonon scattering,
and the exponential term is the Debye-Waller factor. The Debye-Waller factor is the combination of
inelastic and elastic scattering. When temperature increases, Ap contributes to an increase in the
resistivity while the Debye-Waller factor results in a decrease in the resistivity [5]. The total
temperature dependence of resistivity is the sum of these two contributions. At very low temperatures,
the contribution from the inelastic scattering is very small and can be neglected. At low temperatures

the Debye-Waller factor leads to [23]

L _1-s7*, ©,>>T220K, (2-34)

Po
where b is a constant. This temperature dependence is characteristic of sp amorphous metallic alloys

[23]. At temperatures higher that @, the Debye-Waller factor can be expanded as [24]

e'ZWzI-ZWzl"ﬂT, T>0,. (2-35)
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The resistivity is equal to [24]

p=Q0-fTXp, +al)=p, +/T-afT’, T>O,, (2-36)
where aand # are the parameters describing the electron-phonon interaction and the phonon-phonon

coupling, respectively, and y =a - p,f.

2.3.7) Mooij correlation

In 1973 Mooij collected data for amorphous and thin films alloys and found that there exists a
similar correlation between TCR and p,. TCR will change sign from positive to negative
when py~100—-150 uQcm (7). The value 150 uQ¥cm is considered to be a universal boundary that
divides the negative and the positive TCR. However, experimental evidence shows that this is not a
universal boundary. The relation between TCR and p, is more complex. It has been reported for some
amorphous alloys that TCR can change sign when py~30-400 uQcm [25]. In some sp electron
amorphous alloys TCR reverses its sign when pg~40—-60 uQ'cm [5]. The 150 pQcm value holds only
for d electron systems or the strong scattering limit [5]. The negative TCR in this case is a result of
the short mean free path relative to inter-atomic distances. As speculated by Mooij, this negative TCR

is related to the quantum interference contributions [2).

2.3.8) Beyond the nearly free electron model

The above theories, which are based on the nearly free electron Boltzmann transport equation,

cannot explain two anomalous features. The first is the existence of high values of negative TCR over
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a wide range of temperatures [2,4,26]. The second is the existence of a low temperature resistivity
minimum [2].

When the mean free path of an electron becomes short relative to inter atomic distances, the
electron’s motion becomes diffusive rather than along free trajectory [3]. In this case, the nearly free
electron assumptions are not valid and we need a new theory to deal with the multiple scattering of
electrons. As a result of this diffusive motion, two important effects occur: weak localization, WL,
and electron-electron interaction, EEI. Both of these effects occur in an environment of a multiple-
scattering elastic process. The WL effect involves a single conduction electron while the EEI effect

involves two conduction electrons [3].

2.3.8) Weak localization

When the electron mean free path becomes close to the inter-atomic distances, a multiple
elastic scattering process with a short scattering time will occur. This will enhance the probability for
the electron to return to its origin and this will cause the back-scattering process. The motion of the
electrons is diffusive. The diffusion coefficient D can be determined from Einstein relation of

conductivity [3]
o =e’DN(E;). (2-37)
The back-scattering process is a result of the interference of two waves of the same electron
traversing the same path but in opposite directions [fig. (2-5)] [3]. Let us assume the current to be the
movement of electrons from lead point A to lead point B through any path. If there exists a point C
where the electron leaves it clockwise and returns back to it anti-clockwise, or vice-versa, then the

probability of the electron which traverses the closed path can be written as [3,27]
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W=+ ¥, +¥ Y, + P, ¥, (2-38)
where ¥, is the probability amplitude of the clockwise path and P, is the probability amplitude of the
anti-clockwise path. ‘¥, and 'V have the same path but traverse in the opposite direction. Because
‘¥')and ‘¥, are coherent, the second interference term in eq. (2-38) cannot be neglected. The total
probability of the electron returning to point C is twice the probability of going from A to B. This is
the source of back-scattering and, consequently, of the WL effect. In other words, WL arises from the
probability decrease of electrons to diffuse from A to B and this is due to the higher probability for
electrons to localize at C. Any process that changes either the energy state or the spin state of the
electron will destroy this quantum coherence [27]. Inelastic scattering, spin-orbit scattering, and the
presence of a magnetic field are important effects that can destroy WL [3].

The probability of finding an electron at a distance between r and r+dr at a time between ¢

and t+dt can be given by [3]

(2-39)

_’,2
,Ddrdt = drdt.
p(r.t)dr exv(_w‘) r

1
4 7le)m
The probability of the electron returning to a small fixed volume around r = 0 is proportional to e
To calculate the probability of back scattering, we integrate eq. (2-39) from the minimum elastic
scattering time, I,, to the maximum time for the elastic scattering to occur, ¢, i.e., the time when we

have inelastic scattering. The probability of back scattering will then be proportional to
-1/2 -1/2 . -1/2 .

(t,,) -(t,) . When ¢, equals «, the WL effect disappears completely. Because (Ia) is a

constant, the term (r, )'“2 is responsible for the temperature dependence of WL. In three dimension

amorphous systems, 1, is proportional to 7. This will lead to a linear temperature dependence of WL
[3,28]. The formula for the conductivity correction at low temperatures in three dimension amorphous

systems is given by [4]



~

Aoy, (T)= i_T’ (2-40)
T ha

where a is a constant.
2.3.8.2 Magnetic field effect on WL

A magnetic field of a magnetic flux @ will change the two counter-propagating waves of the

2ep

weak localized electron by the amount Y {3]. This will lead to a dephase between the two waves,

which is proportional to the magnetic flux. The WL effect therefore diminishes with the increase of
the magnetic flux and this effect leads to a negative magnetoresistance. The increase in the

conductivity of non-magnetic metallic glasses due to the magnetic field is proportional to B’ [2].
2.3.8.3 Spin-orbit coupling effect on WL

The resistivity of an amorphous metallic glass can be increased by the WL effect and
decreased by the spin-orbit scattering effect. In WL, if the two counter-propagating waves have the
same spin and there is no spin-orbit scattering, they recombine to enhance the probability of
localization. If the two counter-propagating waves have opposite spins, they recombine to reduce the
probability of localization. For single state waves, which have opposite anti-parallel spins, the effect
of spin-orbit is the same for both waves in each scattering event. When the two waves return to their
starting point, they will be in phase.

In the case of triple state waves, if the two waves have parallel spins, they will suffer changes

in the spin direction which are equal in magnitude but opposite in sign. The two waves will randomize
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rapidly and they will have the tendency to cancel each other. Usually, the ions of high atomic number,
such as gold, have strong spin orbit coupling. The spin-orbit scattering time, 1,,, for this process to
happen depends on the scattering number and the strength of the spin-orbit coupling. This scattering
time is usually independent of temperature. If the inelastic time, ¢, is longer than ¢, then the spin-orbit
effect will destroy the constructive interface of the triple state. The total contribution from the spin-
orbit effect will be a negative contribution and the probability will be half of the classical value. This

will result in a decrease of conductivity as temperature increases. The correction to the conductivity

due to the spin-orbit effect is given by [29]

Ao, =a, +al{T+y -\y) (241

, 12 ,
where a = —J—E,e— To y V= £ ,and 0, = 4_e’_ (EFto)z.
2z°Lh 4r 3rel,

rm

2.3.8.4 Electron-electron interaction

The electron-electron interaction or the Coulomb anomaly is a result of the interaction
between two conduction electrons in the presence of a multiple scattering process [3]. In order for
EEI to occur, the electrons have to move diffusively and the elastic scattering has to be strong. EEI is
due to the interference of two electrons which traverse the same path in the same direction. The two

electrons may have different frequencies due to their different energies. The frequency difference

k,T
could be of the order of —‘;l—- . The time between the two electron waves to be out of phase after being

in phase is called the thermal coherence time, which is equal to [3]



h
t, = .
tT 5 e, T (242)

The EEI will occur only when the elastic scattering time of the electrons by the ions is
significantly smaller than r. The EEI, therefore, can be seen only at temperatures less than 20 K.
Given the fact that these electrons move diffusively, eq. (2-39) can be applied. In order to calculate

the probability of all the paths that can be crossed in a time less than 1, we need to integrate eq. (2-39)

from s, up to ¢, = . The result will be proportional to T'* provided there is no inelastic
P : prop p

2rk, T
scattering. This behaviour has been frequently reported [30-35]. The correction to the conductivity

equation of the temperature dependence of EEI at low temperatures can be written as [4,18,33]

AS =__l'3e’;! (i_.:i[::’_) kT (243)
i

32 KD’

where F;is screen factor for the Coulomb interaction.
2.3.9 Summary

The temperature dependence of the electrical resistivity in amorphous metallic alloys can be
divided into two main regimes. These are the weak scattering and strong scattering regimes. In the
weak scattering limit, the mean free path of the conduction electrons is much larger than the average
inter-atomic distances. In this case, the electron can he described as moving in a free trajectory in a
classical way, i.e., they do not suffer multiple scattering during the scattering process.

The amorphous system can be treated as a nearly free electron system and the Boitzmann

transport equation can thus be used. The first successful model to describe the weak scattering limit

was the Ziman model. This model predicts a T*dependence at low temperatures and a T dependence
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at high temperatures. This model is adequate for most amorphous metallic alloys in the weak
scattering limit. This model, however, fails to justify the resistivity minima and the negative TCR in
some low-resistivity amorphous metallic alloys.

The Evans model is an attempt to extend the Ziman model to include alloys with transition
metals. These transition metals normally cause the strong scattering process in the alloy system.

The Mott model uses another approach to predict the resistivity dependence of temperature
for amorphous metallic alloys having transition metals. This model almost predicts the temperature
independence of resistivity.

The generalized Ziman-Faber theory modifies the original Ziman model to include the
electron-phonon interaction factor in the calculations of the temperature dependence of resistivity.

All of the above models are based on the nearly free electron assumptions and on the
Boltzmann transport equation. These models, however, fail to answer two important questions: why
do some amorphous metallic alloys have high negative TCR over a wide range of temperatures and
why do some of the other alloys have a resistivity minima.

When the electron mean free path is comparable to the inter-atomic distances and the electron
motion is diffusive rather than along a free trajectory, the multiple scattering process starts to appear.
The Boltzmann equation is not valid. We have to include these multiple scattering processes in the
new theories. The WL and the EEI effects deal with the multiple scattering of the conduction
electrons. Both the WL theory and the EEI theory provide answers to the above two questions. First,
the high negative TCR is due to weakly localized electrons and, second, the resistivity minimum is

due to the EEI which disappears completely as a result of inelastic scattering.



Fig. (2-1) Two Fermi sphere in adjacent Brillouin zones. 4’ is in the first zone, while 4 is in the second
zone where the umklapp scattering ends.

A Spin density
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Fig. (2-2) Schematic representaion of conduction electron spin densityaround an isolated magnetic impurity.
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Fig. (2-3) Schematic illustration of the resitivity dependence curves observed for amorphous metallic alloys
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Fig. (2-4) A typical structure factor for an amorphous metal. The two dashed lines show the position

of ZkF for monovalent and divalent metals.
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Fig. (2-5) The current going from A to B and being localized at C
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3. Experimental procedure

3.1) Introduction

The resistivity measurement system consists of a cryostat, a hardware, and a software. The
cryostat is used to cool the sample to the desired temperature. The hardware consists of a computer, an
IEEE card, a digital temperature controller, and a digital multimeter. The software is a program written
in Qbasic language to control the hardware and accumulate the data in the American standard code for

information interchange, ASCII, format.

3.2) System design.

Designing an experiment to measure resistance values of 1 Q or less, which is considered to
be a low-level measurement, involves some fundamental difficulties. By definition, low-level
measurements are measurements close to theoretical limits [36]. Theoretical limits are due to the
thermal noise or Johnson noise in the device internal resistance [37]. For any resistance, the movement
of charges due to thermal energy in the resistance material results in noise. The power available from
this motion is given by

p=4k;TAS, (3-1)
where &y is Boltzmann’s constant, T is the absolute temperature, and Af is the noise bandwidth. The

Johnson voltage noise root-mean-square, ¥,,,, developed in a resistance R is
V.. =(4k,TA/R)"*. (3-2)

The Johnson current noise root-mean-square, /,,, developed in a resistance R is



I, =(4k,TAf/ R)"2. (3-3)
At room temperature, the above equations become

V.. =4.6x10"°AR)"?, (3-4)
and
1, =46x107"°(Af/R)'"2. (-5)
Since all voltage and current sources contain internal resistance, they exhibit Johnson noise and have
theoretical limits.

Other difficulties are errors caused by other factors related to the electrical connections such
as lead resistance. Lead resistance is typically in the range of 0.01-1 Q. Thermoelectric voltages or
thermal electro-motive forces, EMF, are another major source of error. Thermal EMF arises when
different parts of a circuit are at different temperatures, or when conductors made of dissimilar
materials are joined together, as in ordinary solder joint. For example, the thermal EMF resulting from
a lead-tin solder joint of two copper wires at different temperatures is 3uV/C° [38].

A measuring system can also pick up interference from any electromagnetic field. Even the

earth’s weak magnetic field can generate nV noise levels in dangling leads.

3.3) Electronics

In any low-level electrical resistivity measurements the lead resistance is the largest error
source and the easiest to solve. In the typical two-wire connection method, a testing current, /.., , of
the order of 10 mA is forced through the leads and through the resistance being measured. The testing
current will result in small voltage drop across the leads. Although this voltage drop is small, it is

significant to the measurements. A four-wire connection method or the Kelvin connection method is
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the solution to remove the lead resistance [36]. In the four-wire connection method, two wires are used
to force a testing current, through the resistance and the other two-wires are used to measure the
voltage drop by a sensing current, /.., . This sensing current is in the order of pA. Because ., is very
small, the voltage drop across the leads can be neglected. Although four-wire connection method
minimizes the effect of the lead resistance, EMF can add a significant amount of error to the
measurement.

Thermal EMF results from temperature difference within a measuring circuit at a junction
between conductors composed of dissimilar materials [39]. There are several steps which should be
taken to minimize EMFs. We must use the same type of material in all wire connections, keep the
wires as clean as possible before soldering, use low thermal cadmium-tin solder instead of lead-tin
solder to connect Cu-Cu connections, provide good thermal coupling to the sample holder, which is a
massive heat sink, by using Apiezon-N grease, and control the temperature increase in the system to
10 mK/s at a maximum. In addition, we must allow the test equipment to warm up and reach thermal
equilibrium in a constant ambient temperature. The final step involves the elimination of the
remaining effect of the thermal EMF. There are two ways to achieve this goal. The first way is to

make the measurements using two opposite currents /., and /..,

Vi =Ver + LR, (3-6)

Voo =V — LR G-7
By subtracting the two values and dividing by two we cancel the V- completely. The second way is
to do an offset compensating measurement. In this way, /., is used to measure both the voltage drop
across the resistance and the thermal EMF. [, is then set to zero and the thermal EMF is measured
alone. The thermal EMF is subtracted from the total voltage drop to give the offset compensated
voltage value.

In any low level resistance measurement, it is important to determine what level of accuracy is



needed. There are three distinct methods for making low-resistance measurements [36].
(1) The DMM (Digital Multi-Meter) with four-terminal. This method is sensitive to 100 pQ.
(2) The Micro-Ohmmeter with four-terminals. This method is sensitive to 0.1 pQ.
(3) The separate current source and separate sensitive voltmeter. This method is sensitive to

0.1 nQ. For our experiments, we chose the DMM method. The specific type of DMM used was the
Keithly 2010 71 digit digital multimeter. This particular DMM has three distinct advantages: 1) it has

a four-wire connection which will eliminate the lead resistance; 2) it has the offset compensating
function to cancel the thermal EMF; 3) its accuracy is 90 u<Q. In this experiment the first method of
measuring the resistance was used. This is because the uncertainty in measuring the sample resistance
is much lower than the systematic error due to the sample dimensions.

The measurement value of the thermal EMF is negligible in the experiment. This is because
the value of the offset thermal EMF voltage in the Cu-Cu connection (using lead-tin solder) is 3uV/C°.
The magnetic and electric fields interference are also negligible because the magnetic and electric
fields produce a nV noise and the length of the connection wires is short. [n addition, all of the
electronic elements in the experiment are connected to a common ground.

The temperature controller used in this experiment is Lakeshore 330 auto tuning temperature
controller. It is a 4 digit digital device. Its measurement resolution can reach 1.3 mK at 4.2 K. A
DT-470-SD-13 silicon diode is used to read the temperature. The range of this sensor is from 1.4 K to
475 K. The accuracy of the sensor is +1.5 K or +1.5% of the reading, whichever is greater. The
repeatability is +10 mK.

An IEEE 488.2 interface card is used to control the DMM, the temperature controller, and to
accumulate the data. The DMM and the temperature controller are connected to the computer through

a general purpose interface bus, GPIB, cable. The data is then stored in a computer hard disk in an
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ASCII mode. Fig. (3-1) shows the block diagram of the electronic system.

3.4) Software

A computer program, written in the Qbasic language, controls the devices through the GPIB
cable. The program is designed to read up to 3x10* data points for each sample. Fig. (3-2) shows the
flow chart of the program. Both the values of temperature and resistance are stored in the computer
random access memory, RAM, until the number of data points reaches 1x10*. The data are then stored
in the hard disk. A universal language interface driver, ULI, had to be added in order for the computer

to execute the GIPB commands. The corresponding program in Qbasic language is given in Appendix

A.

3.5) Cryostat

The cryostat [fig. (3-3)] consists of an outside liquid nitrogen dewar (A), an inside liquid
helium dewar (B), a sample chamber (C), an electrical insert (D), a sample holder (D1), and the
internal wiring (D4). The liquid nitrogen dewar has a vacuum jacket (A1) to thermally isolate the
dewar. The vacuum jacket has a valve (A2) to control the vacuum. The vacuum inside the exterior

liquid nitrogen dewar jacket can reach 107 Torr at room temperature.

The cryostat originally was designed to reach a minimum temperature of 10 K. A modification
was made to the inside liquid helium dewar so that it can be evacuated. A steel ring with a circular
hole (BS5) was soldered at the top of the liquid helium dewar. The sample chamber (C) passes through
the ring hole into the liquid helium dewar and is mounted at a distance of 1 cm from the bottom of the

liquid helium dewar. The steel ring and the hole are vacuum-sealed.



The purpose of this modification is to allow pumping out the helium gas to reduce the pressure
inside the helium dewar, thus achieving lower temperatures than the liquid helium boiling temperature
of 42 K at | atm. The lowest temperature reached by this new modification is 1.56 K after about 40
min of pumping with two rotary pumps. This modification proved to be very efficient in terms of
liquid helium consumption. Three liters of liquid helium per sample were used to reach 1.7 K.
Furthermore, the rate of heating can be controlled by controlling the pressure inside the helium dewar.
This rate can reach levels of 0.1 mK/s.

The interior of the liquid helium dewar, which is immersed in the liquid nitrogen dewar, has a
vacuum jacket (B1) with a vacuum valve (B2). The vacuum inside the liquid helium dewar jacket can
reach 10" Torr at room temperature. The liquid helium dewar is fixed and mounted inside the liquid
nitrogen dewar by a mechanical clamp (B3) made of a material of low thermal conductivity. The
liquid helium dewar is closed with a steel ring with a circular hole (B6) and there are an inlet valve
(B4) and outlet valve (BS). A steel tube (B7), with an adjustable height, carries liquid helium to the
bottom of the dewar. After the desired amount of liquid helium is put inside the dewar, the adjustable
steel tube is pulled out. To reach the desired temperature, the inlet valve is used together with the
outlet valve to pump out the helium gas from the helium dewar using two small rotary pumps. The
temperature of 1.7 K is reached after approximately 30 min of pumping out the liquid helium dewar.

The sample chamber (C) is made of a long single layer of steel. which is immersed into liquid
helium. The sample chamber has two valves, (C1) and (C2). The first valve is used to fill the sample
chamber with helium gas, which is used as a thermal conducting gas. The helium gas is filled after
evacuating the sample chamber from any other gases to avoid freezing problems during the
experiment. The other valve is connected to a pressure gage (C3).

The electrical insert (D) is the innermost part of the cryostat and holds the cryogenic part of

the electrical insert. The cryogenic part of the electrical insert [fig. (3-4)] consists of the sample holder
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(D1), the wiring (D4), the temperature sensor (D5), the sample (D6), and a glass substrate (D7). Both
the sample and the temperature sensor are connected using the four-terminal method. The sample
holder is screwed to the bottom end of the electrical insert and kept very close to the bottom of the
chamber. The sample holder is made of copper and its mass is about 70 times as large as the total mass
of the sample and the wires. Because of its large mass, the sample holder acts as a heat sink. The top
head of the electrical insert (D2) is made up of a light aluminum alloy and contains one vacuum-tight
feed-through (D3), which connects the wiring of the sample and the sensor to the out-side outlet
connections. The temperature sensor is embedded inside a hole in the sample holder and is kept near
the sample glass substrate surface by means of Apiezon-N grease. The glass substrate and the sample
are put on the sample holder using also Apiezon-N grease (D8), which is used as a good thermal
conductor down to 4 K. The Apiezon-N grease covers the sample.

All the vacuum jackets in the system, the liquid helium container, and the sample chamber

were leak detected.

3.6) Sample preparation

Amorphous metallic alloy ribbons can be produced by a technique known as melt spinning
[40]. The melt spinning is used for achieving very high rate of cooling needed to form a metallic glass.
The metallic alloy first is melted instantly in a quartz tube under high radio frequency. A jet of the hot
molten alloy is then propelled against the surface of a high speed-rotating copper wheel at room
temperature. The liquid alloy is then converted into a solid in the shape of thin ribbons (20-30 um
thick). The liquid alloy solidifies at a rate of about 10° K/s. The solid film is spun off the wheel as a
continuous ribbon. Since the film is very thin and it contacts a large heat sink, and since the metals

have high thermal conductivity, then the metallic alloy will solidify to an amorphous state. X-ray
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scans proved that the ribbons are amorphous [41]. The samples are the same as those studied in Ref.
[41].

It requires special care to prepare samples for electrical resistivity measurements. The samples
should keep good electrical connection and should be stress- and strain-free at very low temperatures.
Ordinary methods of heat soldering will convert the amorphous ribbons into crystalline state. Silver
paste is used to make very good electrical connections that will stand even at very low temperatures. It
is very important to keep the contact surface between the wire and the sample very clean. A mix of
50% nitric acid with distilled water is used to clean the surfaces. The sample is put in the solution of
the nitric acid for two to three minutes and then washed by distilled water. The copper wires are put in
the nitric acid solution for several seconds and then washed by distilled water. Inmediately after the
sample and wires are cleaned, the sample surface from both ends and the wires are painted with silver
paste. After the wires and the sample are dry, they are put on a thin glass substrate and fixed
mechanically by special commercial glue.

The sample should have a proper curvature to stay stress- and strain-free at very low
temperatures. The glue is used as a fixer and is kept away from the silver paste connections. After the
sample and the wires are fixed by the glue, another silver paste layer is put to connect the wires and
the sample. Typically a period of 48 hours is needed for each sample in order for the glue and the
silver paste to reach a hard enough state to withstand very low temperatures. Figs. (3-5) and (3-6)
show the connection of the ribbon sample and the pure metal, respectively.

A micrometer of an accuracy of 1/1000 mm and a microscope of the magnification power of
30x were used to measure the dimensions of the ribbons. The average relative error of the volume of
the ribbons was about 10%. The error resuits mainly from the irregularity in the thickness and width of
the ribbons. This will lead to a 10% systematic error in the values of the calculated electrical

resistivity. The changes in the calculated electrical resistivity due to the thermal expansion of the



ribbons can be neglected.

3.7) Procedure

The sample is put on the sample holder and then the sample copper wires are soldered with the
setup wires using a low-heat solder pen to avoid transferring heat to the sample. Next, the sample and
the wires are covered with the Apiezon-N grease. The grease is used to hold the sample on the sample
holder and as a good thermal conductor.

The sample is put inside the sample chamber. The sample chamber is then evacuated and a
desired amount of He gas is placed in the chamber. The sample chamber is evacuated twice in order
to eliminate the presence of other gases. Next, liquid nitrogen (LN) is poured into the LN dewar,
filling half of the dewar. The LN is then slowly transferred into the liquid helium (LHe) dewar until
the temperature reaches about 80 K. Next, all of the LN is pumped out using pressured He gas. After
that, LHe is slowly transferred into the LHe dewar until the LHe temperature is reached. Next, two
rotary pumps are used to pump out the liquid helium using the inlet and outlet valves of the helium
chamber.

After approximately 30 min, the temperature of about 1.7 K is reached. The temperature will
stay at this equilibrium point until all the LHe evaporates. After that, the temperature will start to rise
up steadily at a rate of | mK/s. The computer program is activated when the temperature starts to rise.
The computer starts to take data when there is an increase of 10 mK in the temperature. After about 18
hours, the system reaches LN temperature. Then the remaining LN in the LN dewar is pumped away
and the system will continue to warm up steadily until it reaches room temperature. The computer
program is capable of accumulating 3x10* data points. Typically, there are 2.5x10* data points for a

measurement in the temperature range 1.7-300 K. The average time for accumulating the full data set



is 48 h.

The resistivity system was tested using electrical resistivity standards before accumulating
data for the investigated samples. Two standard samples, Au and Pt, were prepared to test the accuracy
of the experimental setup. Each sample was about 22 ¢cm long and 0.1 mm in diameter, with a purity of
99.998% . The Au and Pt samples were tested in the temperature range of 1.8-290 K. About 25000
data points for each sample were collected and then compared to the published data. The results were

consistent with the published data within an experimental error [figs. (3-7) and (3-8)).
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4. Results and discussion

4.1) Introduction

In this chapter, we will discuss the temperature dependence of the electrical resistivity for the
following three sets of samples: 1) two samples of pure crystalline metals, 2) seven samples of group |
(C1-C7), and 3) four samples of group V (C8—C11). Table (4-1) shows the composition of each of
these samples. All of the amorphous samples contained transition metals.

Electrical resistivity is an additive quantity. This means that we can have more than one
contribution to the resistivity resulting from different and simultaneous scattering mechanisms. When
fitting the experimental data to the theories, the sum of more than one equation is used.

The coefficient of determination, , is the measure of how well the model describes the data.
¥ values near one indicate that the equation is a good description of the relation between the
independent and dependent variables. The fits are non-linear least-squares fits based on the
Marquardt-Levenberg Algorithm [42]. The  is defined as

Sw,(Y-y)

ri=1-=

W, -5F

=l

"~

where Y, is the theoretical y value at the ith paoint, y, is the experimental y value at the ith point, 7 is the

mean of y,, and W, is the weight corresponding to the ith point.



4.2) Temperature dependence of the electrical resistivity in pure crystalline metals.

42.1)T<6K

In this temperature range, the number of phonons will begin to vanish. The scattering of
conduction electrons is caused by impurities and lattice defects and this process will eventually lead
to the residual resistivity. The residual resistivity is an indication of the amount of impurities and
defects present in the sample. Both of the pure metal samples have constant resistivity below 6 K. The
value of p is determined from the extrapolation of the resistivity data to T = 0 K [fig. (4-1)]. Table

(4-2) gives the values of p for Au and Pt metals.

4.22)T<6p

At low temperatures, i.e., the temperatures lower than the Debye temperature, the two metal
samples have a quadratic temperature dependence [eq. (2-3)]. The temperature range of fitting of the
electrical resistivity data for platinum is wider than the range for gold. It is possible that this is related
to the fact that & of platinum is higher than &), of gold [2]. The quadratic dependence at low
temperatures is a sign of the electron-electron scattering [2]. Figure (4-2) shows the fit of the
electrical resistivity of platinum and gold to eq. (2-3) and the values of the fitted parameters are given
in Table (4-2). The parameter d for Au in eq. (2-3) should be the value of the residual resistivity,

however in this particular case it has no physical meaning because it has a negative value.
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423)T>6p

At temperatures above @b, the temperature dependence of the electrical resistivity of the two
samples can be very well fitted with eq. (2-2) [fig. (4-3)]. This linear relationship is the result of the
linear dependence of the number of phonons on temperature. Table (4-3) gives the values of the fitted

parameters a and b.

4.3) Temperature dependence of electrical resistivity for samples of group I

4.3.1) Introduction

The samples in this group are ferromagnetic amorphous alloys and each of these samples
contains both iron and nickel. Iron and nickel are both considered as monovalent metal atoms [10].
Figures (4-4)—(4-6) show the temperature dependence of the electrical resistivity over a wide range of

temperatures for the samples of group I.

432)T<6K

All the samples in this group have a negative TCR at very low temperatures and a positive
TCR at higher temperatures. This change of TCR leads to resistivity minima. The value of a sample’s
resistivity minimum is sensitive to its ferromagnetic metals composition. No specific relationship

could be observed between the change of the composition and the resulting change of the resistivity



minimum. For example, the samples C4 and C5 have almost the same value of the resistivity
minimum despite having different compositions.

The cause of the electrical resistivity minimum in the temperature dependence of the
electrical resistivity of the amorphous metallic alloys is a controversial issue. Usually the data at very
low temperatures can be fitted with eq. (2-24) [43-45] or the reciprocal of eq. (2-43) [30-35]. The first
method of fitting can be interpreted as evidence for the existence of the Kondo effect [5,6,42].
However, the dependence of the electrical resistivity of the amorphous metallic alloys, in many cases,
is not sensitive to an external magnetic field, which suggests that this phenomenon is not caused by
the Kondo effect [5,46]. The second method is to fit the data of the electrical resistivity to T2 [eq.
(2-43)] as a correction to the electrical resistivity predicted by the Ziman model. The fitting is made
using the sum of the classical resistivity at very low temperatures [eq. (2-15)] and the quantum
interference correction due to the EEI effect [the reciprocal of eq. (2-43)]. In eq. (2-15), the resistivity
is due to the elastic scattering of electrons. In eq. (2-43), the resistivity is a result of the interaction
between two electrons due to the multiple elastic scattering process. In this process the electrons move
in diffusive motion rather than along a free classical trajectory with a diffusion coefficient D. The fits
of the temperature dependence of the electrical resistivity to the sum of eq. (2-15) and the reciprocal
of eq. (2-43) are shown in figs (4-7)-(4-9). The diffusion coefficient can be determined from the value
of the parameter b, which is the reciprocal of the coefficient of 7™"*in eq. (2-43), and assuming
Fo =0 [33] [Table (4-4)].

As the temperature increases from zero, the inelastic scattering starts to appear and this results
in the destroying of the EEI. The extra contribution to the electrical resistivity decreases with the
increase of temperature, thus resulting in a resistivity minimum. The EEI effects disappear completely

at about 20 K. This is the reason why all the resistivity minima values exist at temperatures below 20



K. In all of the samples in this group, the data can be fitted more accurately using the EEI correction
to the electrical resistivity than to the In(7) dependence. However, the difference in the r° values
corresponding to the fits is small and it is hard to relate the minima phenomena to one of the two
scattering mechanisms without carrying out further magnetoresistance measurements. For example,
for sample C4, the quality of the fit with the EEI and the In(7) dependencies is almost the same [Table

4-4)).

433)T<6p

All of the electrical resistivity data can be fitted well to the sum of two equations, i.c., the
quadratic dependence predicted by the Ziman model and the quantum interference correction, WL
[eq. (2-16) and the reciprocal of eq. (2-40)]. The T* dependence at low temperatures is the proof for
the existence of phonon inelastic scattering of the conduction electrons. The data cannot be fitted
accurately using the quadratic equation (2-16) unless a term T/ [the reciprocal of eq. (2-40)] is added.
The fits of the temperature dependence of the electrical resistivity to the sum of eq. (2-16) and the
reciprocal of eq. (2-40) are shown in figs. (4-10)—(4-12). The corresponding fitted parameters are
given in Table (4-5). The values of # are very close to | [Table (4-5)] which indicates that the
theoretical model accounts well for the data.

In the Ziman model, the electrical resistivity is the result of two opposite contributions from
€q. (2-15) and eq. (2-16). The total contribution is + T?because the contribution of eq. (2-16) is two
times larger than that of eq. (2-15) [5]. At low temperatures, there exists an elastic scattering which is
sufficient to cause the WL effect. For example, in sample Cl at T = 11 K, the contribution from the

WL correction is about three times more than the contribution from the phonon inelastic scattering. At
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the end of the low temperature fitting range (T = 50 K) the contribution from the phonon inelastic
scattering is about 2000 times larger than that due to the WL effect [Table (4-5)]. The WL effect

eventually will completely disappear when the inelastic scattering is the dominant scattering

mechanism.

434)T>6p

In the Evans’ model for transition metals, the electrical resistivity dependence on temperature
in the high-temperature range is considered to be linear. In the high-temperature range, all of the
electrical resistivity data can be fitted to a linear relationship. However, the fits are not satisfactory.
Equation (2-26) has a quadratic term added to the linear term and is used as a correction to the linear
fit. Fitting the data using eq. (2-26) [figs. (4-13)—~(4-16)] satisfactorily accounts for the temperature
dependence of the electrical resistivity. The fitted parameters are given in Table (4-6).

The contribution to the electrical resistivity at high temperatures is a proof of a magnetic
contribution from the ferromagnetic atoms [15,18,47]. All of the samples, except C1, have a small but
significant magnetic contribution to the electrical resistivity. For example, for sample C7, the
contribution to the electrical resistivity from the ferromagnetic atoms at T = 80 K is about 6% of the
contribution from the phonon inelastic scattering. At the high temperature (T = 250 K), the percentage
is about 16%. In fact, the percentage of the magnetic contribution divided by the structure
contribution, ¢, is the same for C2 and C3. As we increase the amount of iron [fig. (4-17)], &increases
rapidly, reaches the maximum value for sample C6 and then decreases sharply for sample C7. For
sample C6, & is 140% at 200 K, which means that the magnetic contribution to the electrical

resistivity is much larger than the structure contribution.
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For the sample C1, the data can be fitted to Evans’ model with a magnetic contribution using
eq. (2-26) [fig (4-18)]. However, the coefficient of the quadratic term is extremely small [~10"°K™].
The data for the sample C1 can be fitted more accurately using eq. (2-36) which has a phonon-phonon
correction instead of a magnetic correction to the Ziman model at high temperatures. Equation (2-36)
is usually used to fit the electrical resistivity data of sp amorphous alloys. This suggests that, at high
temperatures, C1 belongs to group V rather than group I, which means that C1 does not have magnetic
contributions at this range of temperatures. However, it has been reported that nickel and iron atoms
do carry magnetic moments for this specific alloy composition [48).

The Debye temperature can be determined in the Evans’ model by using eq. (2-27) [Table (4-
6)]. Equation (2-27) uses the parameters of the fit of the temperature dependence of the electrical
resistivity data in the low temperature and the high temperature ranges to eq. (2-25) and eq. (2-26),

respectively.

4.4) Temperature dependence of the electrical resistivity for samples of group V.

4.4.1) Introduction

The samples C8-Cl!l are aluminum-rich amorphous metallic alloys. The temperature
dependence of the electrical resistivity can be described well by curve (a) of fig. (2-3). The Fermi
level for this group lies completely in the sp band. All the samples in this group have a positive TCR
with no minima. They have a quadratic temperature dependence at low temperatures and a linear one

at higher temperatures [figs. (4-19) and (4-20)].
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44.2)T<6K

For the samples C8-C11 the electrical resistivity data below 6 K can be fitted to the sum of
€q. (2-16) and the reciprocal of eq. (2-40). This is an indication that there is a strong elastic scattering
at low temperatures and therefore the WL correction to the total electrical resistivity is applied. The
residual resistivities of all the samples are less than 150 uQ'cm, except for the sample C9 for which
the residual resistivity is about 163 u{cm [Table (4-7)]. This suggests that the Mooij correlation does
not apply to group V.

443)T<Op

All the electrical resistivity data have the quadratic temperature dependence at low
temperatures. The 7' dependence is a sign of the inelastic phonon scattering. As mentioned in section
4.3.3, the elastic scattering and the inelastic scattering exist simultaneously. As a result, the data
cannot be fitted accurately using the T dependence only. The T~ WL effect correction must
be introduced to achieve satisfactory fits [figs. (4-21) and (4-22)]. The WL contribution is an evidence
for the multiple elastic scattering in these samples at low temperatures. The range of the above fitting
can include the very low temperatures below 6 K [Table (4-7)], however, the #’ values are more close

to | in the low temperature range. The corresponding fitted parameters are given in Table (4-8).
4449)T>6p
According to the Ziman model, the temperature dependence of the electrical resistivity can be
fitted to a linear relationship at high temperatures. However, the fittings are not satisfactory because

the electrical resistivity values at high temperatures seem to deviate from the linear relationship. Both

the Evans’ model and the generalized Faber-Ziman model added a quadratic correction term to the
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temperature dependence of the electrical resistivity. The Evans’ model quadratic term is a positive T'>
contribution to compensate for the magnetic contribution to the electrical resistivity. In the
generalized Faber-Ziman model the quadratic term is a negative T? contribution to account for the
multiphonon scattering. The temperature dependence of the electrical resistivity can be fitted to both
models. However, the values of the quadratic coefficient should have a physical meaning in order to
Jjudge what type of correction to consider at different temperature ranges.

In the samples C8-C11 of group V, the data can be fitted well to eq. (2-36) in the range
between approximately 50 K and room temperature [figs. (4-23) and (4-24)]. The corresponding fitted
parameters are given in Table (4-9). In the high-temperature range, the application of eq. (2-36)
indicates that the Fermi level of the samples C8-C11 lies completely in the sp band [11,39]. The a
parameter was found to be always bigger than the S parameter. This leads to a positive linear slope.
The quadratic slope is always negative by definition. The fact that « is always bigger than S implies
that the inelastic single-phonon scattering gives more contribution to the electrical resistivity than the
multiphonon scattering contribution. The # parameters in the samples of group V have the values in
the range (3.66—4.61)x10™ K" [Table (4-9)], which are in agreement with the /3 values of Ag-Cu-Ge
amorphous metallic alloy [40].

The Debye temperature can be determined by fitting the data with eq. (2-26). The fitted
parameters are given in Table (4-10). The parameter of the quadratic term at high temperatures gives
the value of the magnetic contribution to the electrical resistivity. For the samples C8-Cl11, the
magnetic atom is iron. The samples C9 and C11 do not have any magnetic contribution from the iron
atoms at high temperatures. However, the samples C8 and C10 do have a small but significant
magnetic contribution [fig. (4-25)]. For example, the & values at 230 K for the samples C8 and C10

are about 12% and 25%, respectively.



Table (4-1) The composition of the samples and the corresponding groups.

Sample Composition Group

Cl (FeqsNig9)77Si10B13 I

C2 (FeoaNigg)r7Si10B13 I

c3 (Feg3Nig1)7Si10B13 [

C4 (FegsNigs):7S110B13 I

Cs (Feq sNigs)7Si10B13 I

Cé6 (FegNig 4)17S110B13 I

Cc7 (Feq7Nig3)17Si10B13 l

C8 AlgoFesCes v

Cc9 AlgsFes 1Ces 3 v

Cl10 AlgiFes3Ces; v

Cll Alg;Feg,Ce; s v

Cl12 Au 99.998% pure metal
Cl3 Pt 99.998% pure metal

Table (4-2) The parameters from the fits with eq. (2-3) of the temperature dependence of the
electrical resistivity of Au and Pt and the corresponding coefficient of determination r’. pq is the

residual resistivity.

Metal po (U€cm) T range (K) d (uQcm) c (K r
Au 0.0136 28-49 -0.014 8.47x10” 0.9999
Pt 0.1456 29-60 0.003 3.48x10° 0.9998
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Table (4-3) The parameters from the fits with eq. (2-2) of the temperature dependence of the
electrical resistivity of Au and Pt and the corresponding coefficient of determination .

Metal Op(K) T range (K) a (uQcm) b(K" P
Au 165 165-290 -0.18 7.99x10° 0.999997
Pt 240 240-280 -0.76 3.97x10° 0.99999

Table (4-4) The parameters from the fits with eq. (2-24) and the reciprocal of eq. (2-43) [b is the
reciprocal of the coefficient of T'? in eq. (2-43)] of the temperature dependence of the electrical
resistivity of samples C1-C7 and the corresponding coefficient of determination r*.

sample T range (K) o r’ b(K'?) D (cm%/s) r’
Cl 1.7-6 -0.1349 0.9870 | 0.2991 | 1.34x10™" 0.9920
C2 1.9-6 -0.0465 0.9890 | 0.1703 | 4.33x10™" 0.9928
C4 1.9-6 -0.0752 0.9928 | 0.1989 | 591x10™" 0.9936
Cs 1.8—6 -0.0935 09786 | 0.2282 | 7.77x10°" 0.9803
Cé6 1.8-6 -0.0718 09733 | 0.1301 2.53x10™" 0.9779
C7 1.7-6 -0.0488 09528 | 0.0729 | 7.93x10™ 0.9736

4-11



Table (4-5) The parameters from the fits with eq. (2-16) and the reciprocal of eq. (2-40) [e is the
reciprocal of the coefficient of T" in eq. (2-40)] of the temperature dependence of the electrical
resistivity of samples C1-C7 and the corresponding coefficient of determination r’.

Sample T range (K) a (K'z) e (K) r
Cl 11-50 1.67x10° 9.64 0.9998
C2 9-49 9.30x10° 1.84 0.9999
C4 14-50 6.42x10° 6.78 0.9995
Cs 16-53 8.19x10° 11.29 0.9996
C7 17-44 2.12x10° 4.06 0.9991

Table (4-6) The parameters from the fits with eq. (2-25) and eq. (2-26) of the temperature

dependence of the electrical resistivity of samples C1-C7 and the corresponding coefficient of
determination r. The Debye temperature is calculated using eq. (2-27).

Sample  |Trange(K)| B(K?) | nX") | y(K? | 6p(K) ¢
Cl 115-280 [ 2.11x10° 0.136 | 2.26x10" 106 0.9999
C2 58-220 | 1.03x10° 0.094 3.26x10° 155 0.99996
C3 60-220 | 1.29x10° 0.133 4.70x10° 177 0.9997
C4 50-200 | 1.03x10° 0.070 1.48x10” 129 0.9999
CS 55-200 | 1.51x10° 0.086 3.04x10™ 118 0.9992
Cé 75-220 - 0.009 6.66x10° - 0.9996
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C7 80-250 2.69x10™ 0.036 2.56x10° 243 0.9999
Table (4-7) The parameters from the fits with eq. (2-16) and the reciprocal of eq. (2-40) [b is the
reciprocal of the coefficient of T" in eq. (2-40)] of the temperature dependence of the electrical
resistivity of samples C8—C11 and the corresponding coefficient of determination r’.

Sample T range (K) a(K?) b (K) po (pcm) ¢
C8 2-47 1.04x10° 0.475 91 0.9984
C9 1.7-55 6.78x10° 0.231 164 0.9988

Cl10 1.7-47 7.92x10° 0.333 131 0.9988
Cll 1.4-49 8.53x10° 0.093 97 0.9995

Table (4-8) The parameters from the fits with eq. (2-16) and the reciprocal of eq. (2-40) [b is the
reciprocal of the coefficient of T" in eq. (2-40)] of the temperature dependence of the electrical
resistivity of samples C8—C11 and the corresponding coefficient of determination r?.

Sample T range (K) a(K?) b (K) r
C8 11-47 1.11x10°% 2.583 0.9999
C9 14-55 7.28x10° 4.254 0.9999
Cl0 9-47 8.33x10° 1.824 0.9999
Cll 8—45 8.91x10° 0.864 0.9997

Table (4-9) The parameters from the fits with eq. (2-36) of the temperature dependence of the
electrical resistivity of samples C1 and C8-CI11 and the corresponding coefficient of determination

.

Sample T range (K) a(Kh B(KH r’
Cl 115-280 0.16 1.44x10™ 0.99996
C8 54-260 0.12 4.61x10° 0.9999
C9 47-200 0.15 3.94x10™ 0.9999
C10 48-230 0.22 4.05x10" 0.9999




Cll

45-240

0.12

3.61x10™

|

'l

0.99996

Table (4-10) The parameters from the fits with eq. (2-25) and eq. (2-26) of the temperature
dependence of the electrical resistivity of samples C8—C11 and the corresponding coefficient of

determination r*. The Debye temperature is calculated using eq. (2-27).

Resistivity (adecm)

Sample |Trange(K)| B(K?D nE&™h (K r Op(K)
C8 170-260 | 1.01x10° 0.059 3.10x10° 0.9999 99
C9 170-200 | 1.19x10? 0.124 9.77x10™"? 0.9998 7

Cl10 170-230 | 1.09x10* 0.053 5.76x10°3 0.99995 84
Cll 160-240 | 8.67x10” 0.055 2.37x107" 0.9998 105
020 ]

|
o8 Pt
012 +
008 4
0.04 4
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0.00
2 k| 5 [ 1
T(X)

Fig. (4-1) Temperature dependence of the electrical resistivity of Pt and Au (circles) and the
extrapolated line for the temperature range 1.7-6 K.
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Fig. (4-2) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of ()
Ptand (b) Au to eq. (2-3).
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Fig. (4-4) The temperature dependence of the electrical resistivity for (a) sample C1 and (b) sample
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Fig. (4-5) The temperature dependence of the electrical resistivity for (a) sample C3 and (b) sample
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Fig. (4-7) The fit (solid line) of the temperature dependence of the electrical resistivity (dots) of (2)
sample C1 and (b) sample C2 to the sum of eq. (2-15) and the reciprocal of eq. (2-43).
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Fig. (4-11) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of

(a) sample C4 and (b) sample C5 to the sum of eq. (2-16) and the reciprocal of eq. (2-40).
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Fig. (4-12) The fit (solid line) of the temperature dependence of the electrical resistivity (dots) of
sample C4 to the sum of eq. (2-16) and the reciprocal of eq. (2-40).
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Fig. (4-13) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of

sample Cl1 to eq. (2-36).

4-25



Resistivity (202 cm)

Resistivity {udcm)

148

144

140 <

136

132 4

(a)

T(K

160

180

220

€0 80 100 120

140

T

160

22C

Fig. (4-14) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of

(a) sample C2 and (b) sample C3 to eq. (2-26).
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Fig. (4-15) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of

(a) sample C4 and (b) sample CS to eq. (2-26).
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Fig. (4-16) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of

(a) sample C6 and (b) sample C7 to eq. (2-26).
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Fig. (4-18) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of
sample Cl1 to eq. (2-26).
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Fig. (4-19) The temperature dependence of the electrical resistivity of (a) sample C8 and (b) sample

C9.
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Fig. (4-20) The temperature dependence of the electrical resistivity of (a) sample C10 and (b) sample

ClL
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Fig. (4-21) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of

(a) sample C8 and (b) sample C9 to the sum of eq. (2-16) and the reciprocal of eq. (2-40).
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Fig. (4-22) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of
(a) sample C10 and (b) sample C11 to the sum of eq. (2-16) and the reciprocal of eq. (2-40).
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Fig. (4-24) The fit (triangles) of the temperature dependence of the electrical resistivity (solid line) of

(2) sample C10 and (b) sample Cl11 to eq. (2-36).
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§. Conclusions

The electrical resistivity measurements in a wide temperature range provided a good tool for
investigating the applicability of various theories attempting to account for the temperature
dependence of electrical resistivity. In the pure crystalline metals, the nearly free electron model can
qualitatively and quantitatively account for the temperature dependence of the electrical resistivity of
the studied metals. The values of the residual resistivity for Au and Pt indicate that the purity of the
two samples is high. The two samples do not have magnetic impurities as the Kondo effect was not
observed in the electrical resistivity measurements. In the low temperature range, the electron-electron
scattering is the dominant scattering mechanism. Above the Debye temperature, the phonon electron
scattering is the dominant scattering mechanism.

The temperature dependence of the electrical resistivity for the amorphous metallic alloy
samples studied can be described qualitatively by the Ziman model, which is based on the nearly-free
-electron model. The scattering mechanism of the conduction electrons of the amorphous samples can
be categorized in the weak scattering limit regime. A small, but significant correction must be added
to the Ziman model in order to account for the additional scattering contributions that exist in the
wide temperature range.

In the low-temperature range, the WL scattering is the major correction to the temperature
dependence of the electrical resistivity predicted by the Ziman model. The WL contribution is the
dominant effect at the beginning of the law-temperature fitting range. This effect decays and vanishes
at the end of this fitting range. The total electrical resistivity is the sum of the residual resistivity, the

WL contribution, and the phonon inelastic scattering contribution. Figure (5-1) shows an example of



the individual fitting curves of eq. (2-16) and the reciprocal of eq. (2-40) and the total resulting
electrical resistivity for sample C1.

In the high-temperature range, the magnetic contribution in the samples C2-C7, C8, and C10
is the major correction to the temperature dependence of the electrical resistivity. This dependence is
linear. A quadratic term, which represents the magnetic contribution, should be added. Figure (5-2)
shows an example of the individual linear fit, the magnetic contribution, and the resulting total
electrical resistivity for sample C6. For the samples C1, C9, and C1! the phonon-phonon coupling
scattering is the major correction to the temperature dependence of the electrical resistivity to the
linear term predicted by the Ziman model. Figure (5-3) shows an example of the individual linear
contribution, the negative phonon-phonon coupling, and the resulting total electrical resistivity for
sample C11.

One of the major shortcomings of the Ziman model is its inability to provide an explanation
for the resistivity minima of the temperature dependence of the electrical resistivity curve at
temperatures below 20 K for some amorphous alloys. All the samples of group I have resistivity
minima in their temperature dependence of the electrical resistivity. The Kondo effect could be a
possible explanation for this phenomenon. Another, and perhaps more plausible explanation could be
the EEI effect, the major correction to the elastic scattering predicted by the Ziman model of the
temperature dependence of electrical resistivity. Figure (5-4) shows an example of the individual
fitting curves of eq. (2-15) and the reciprocal of eq. (2-43) and the total resulting electrical resistivity
for sample C4.

Finally, the Ziman model with the proper corrections, which may increase or decrease the

predicted electrical resistivity, in considered to be an adequate and successful model in accounting for



the temperature dependence of the electrical resistivity of all of the studied amorphous metallic alloys
in this study.

Magnetoresistence measurements at low temperatures are suggested for future work. This will
provide experimental evidence to verify two effects. First, to find out whether the electrical resistivity
minima in the temperature dependence of the electrical resistivity are due to Kondo effect or due to
EEI effect. Second, to verify that the additional contribution to the electrical resistivity at low

temperatures is due to WL effect.
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(circles) of the temperature dependence of the electrical resistivity of sample C1.
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APPENDIX (A)

The following computer program, written in the Qbasic language, controls the devices through the
GPIB cable. The program is designed to read up to 3x10* data points for each sample

DECLARE SUB rereadl ()
DECLARE SUB reread ()
CLS
COLOR 12,0
PRINT " (222232322232 3222 3223232232822 2 23382828224 % 1)
PRINT " * program written by "
COLOR 14,0
PRINT " * KHALID AL-QADI e
COLOR 12,0
PRINT " * OTTAWA UNIVERSITY/PHYSICS 1997 **
PRI'NT " (2222322222432 3323321222223 23283381 1U)
PRINT
COLOR 13,0
PRINT " WHERE DO YOU WANT TO STORE YOUR DATA =>";
COLOR 11,0
INPUT file$
BEEP
CLS
COLOR 13,0
' begin variables decleration -------=-=-=---
max = 10
riseup =.001
count=0
changetemp =0
' end variables decleration ---------eanee-
OPEN "gpib0" FOR OUTPUT AS #1
OPEN "gpib0" FOR INPUT AS #2
PRINT #1, "ABORT"
PRINT #1, "RESET"
PRINT #1, "REMOTE 12"
PRINT #1, "REMOTE 16"
PRINT #1, "output 12; :suni k"
PRINT #1, "output 12; :func 'temp"'
CLOSE #1
CLOSE #2
OPEN "gpib0" FOR OUTPUT AS #1
OPEN "gpib0" FOR INPUT AS #2

PRINT #1, "output 12; :data:fres?"



PRINT #1, "enter 12"
INPUT #2, temp$
firsttemp = VAL(temp$)
CLOSE #1

CLOSE #2

'MAIN LOOP
OPEN "o", #3, file$
FOR MAINLOOP=1TO3
FOR i =1 TO max
FOR j =1 TO max
FOR k=1 TO max
FOR1=1 TO max
OPEN "gpib0" FOR OUTPUT AS #1
OPEN "gpib0" FOR INPUT AS #2
10 IF char$ ="q" THEN GOTO 30
20 char$ =INKEYS
PRINT #1, "output 12; :func 'temp"
PRINT #1, "output 12; :data:fres?"
PRINT #1, "enter 12"
INPUT #2, temp$
nl(i, j, k, 1) = VAL(temp$) + changetemp
secondtemp =nl(, j, k, 1)
IF secondtemp - firsttemp < riseup THEN CALL reread: GOTO 10 ELSE
firsttemp = secondtemp
IF changetemp = 0 THEN IF firsttemp > 199.99 THEN GOSUB ctemp
CALL rereadl
PRINT #1, "output 16; :func 'fres™
PRINT #1, "output 16; :data:fres?"
PRINT #1, "enter 16"
INPUT #2, ohm$
n2(i, j, k, 1) = VAL(ohmS$)
count = count + 1
PRINT "At Temp="; nl(i, j, k, 1);
PRINT " =", n2(i, j, k, I);
PRINT " No. of mea.="; count
CLOSE #1
CLOSE #2
NEXT
NEXT k
NEXT)
NEXT i



30 CLOSE#1

CLOSE #2

IFi>1THENj=max: k=max: | =max ELSEIFj>1 THEN k =max: | =max ELSEIF k> |
THEN | = max

IF i > max THEN i = max

IF j > max THEN j = max

IF k > max THEN k = max

IF 1 > max THEN | = max

COLOR 14,0

PRINT

PRINT " I am writing the data to the file ";
COLOR 15,0

PRINT file$;

COLOR 14,0

PRINT " .. Wait please”

FORii=1TOi
FORjj=1TOj
FORkk=1TOk
FORIl=1TO1

PRINT #3, nl(i, jj, kk, I1), ":", n2(ii, jj, kk, 1)

NEXT Il
NEXT kk
NEXT jj
NEXT ii

BEEP
FOR w=1TO 1000
NEXT w
BEEP
FOR w=1TO 1000
NEXT w
BEEP
CLS
NEXT MAINLOOP
END
ctemp:
PRINT #1, "output 12; :suni c"
changetemp = 273.16
fisrttemp = 273.16 - fisttemp
secondtemp = 273.16 - secondtemp
PRINT #I, "output 12; :func 'temp™



PRINT #1, "output 12; :data:fres?"
PRINT #1, "enter 12"
INPUT #2, temp$
PRINT temp$
PRINT "I am here”
FOR www =1 TO 3000
WWW = WWW
NEXT www
RETURN

SUB reread STATIC
CLOSE #1
CLOSE #2
OPEN "gpib0" FOR QUTPUT AS #1
OPEN "gpib0" FOR INPUT AS #2
END SUB

SUB reread! STATIC
CLOSE #1
CLOSE #2
OPEN "gpib0" FOR OUTPUT AS #1
OPEN "gpib0" FOR INPUT AS #2
END SUB





