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Abstract

The superconducting transition temperature Tc of metallic glasses

ZrxFelOO-x (x=80, 75), Zr75(NixFelOO-x)25 (x=75, 50, 25), and CU2SZr75

were measured under quasi-hydrostatic pressure up to 8 OPa (80kbar).

The volume (pressure) dependence of the electron-phonon coupling

parameters Aep for CU25Zr75 was calculated using the McMillan equatio11.

Using this volume dependence of Aep and the modified McMillan equation

which incorporates spin-fluctuations, the volume dependence of the spin

fluctuation parameter, Asf, was determined in Zr75Ni25, ZrxFelOO-x , a11d

Zr75(NixFelOO-x)25. It was found that with increasing pressure, spin

fluctuations are suppressed at a faster rate in ZrxFe lOO-x and

Zr75(NixFelOO-x)25, as Fe concentration is increased. The rate of

suppression of spin-fluctuations with pressure was also found to be higher in

Fe-Zr glasses than in Ni-Zr glasses of similar composition.
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!;hapter #1-Intrody<;tion

Since the discovery of superconductivity at low temperatures in

1911 1, many physicists have been fascinated by this phenomenon, but more

importantly by the possible impact of achieving superconductivity at room

temperatures or higher. Therefore, a good number of physicists have

devoted their time over the years to understand in order to explain this

phenomenon. The first theoretical explanation for the 0 bserved

experimental behaviour of superconductors was given by Bardeen,

Cooper, and Schrieffer in 1957.2 They explained the superconducting state

as an ordered state of pairs of electrons of opposite momenta known as the

Cooper pairs. Such pairs are the result of coupling between electrons via

the positive ions of the lattice. With the help of their theory the behaviour of

simple metal superconductors could be explained, but not so the behaviour

of transition metals and compounds. McMillan3 in 1968 applied the strong

coupling theory to superconductivity,explaining the superconducting

transition temperature (Tc) as a function of electron-phonon and electron

electron coupling constants. His theoretical formula somehow

overestimated Tc for some d band elements and compounds. This

discrepancy is believed to be caused by the presence of spin

fluctuations.These spin fluctuations can be produced in a superconducting

sample by the addition of magnetic impurities. These impurities could be

looked at as solute spins which fluctuate in time with a frequency 1;(1 is the
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localized spin fluctuation lifetime). These solutes will behave magnetically if

l' » 1'T( 1'T is thermal fluctuation lifetime at temperature T) or

nonmagnetically if1'« 1'T. Due to the exchange interaction between

conduction electrons and solute spins, magnetic impurities strongly depress

Tc. Such spin fluctuations are expected to be sharply reduced with applied

pressure on the basis of either localized or band models4,5.

Systemic variations of physical parameters such as spin fluctuations

mainly by varying the concentration of an existing element in an alloy, are

best achieved in amorphous systems rather than crystals. Crystals do not

have solid solutions across their range of composition, and more importantly

any variation of the concentration of an existing element in the system

would result in mixed phases or changes in crystal structures, thus creating

a new environment which makes it hard to segregate the effects of the

physical parameter under consideration. On the other hand, the high

disorder environment of amorphous alloys makes it easy to vary the

composition of the alloy without major changes to the structure. Hence, the

effects of spin fluctuations on superconductivity are best examined in a

matrix of amorphous alloys.

The first superconducting amorphous material was found by Buckel

and Hilsch6 in 1954; they prepared amorphous bismuth by depositing its

vapour onto a cryogenic substrate. However, the first superconducting

amorphous metal was not known until 1975.7 Such amorphous metals are
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known as metallic glasses, and they are usually prepared by rapid

quenching from the liquid state.

Altounian et aLB have prepared ZrxMIOO-x (M=Ni, Fe, Cu and Co)

metallic glasses using the melt spinning technique, where the properties of

these alloys range from superconducting to ferromagnetic at low

temperatures. They have found that Tc decreases with increasing

concentration of the 3d transition element for each series at the

superconducting range. The decrease in Tc has been attributed to spin

fluctuations. Batalla et al9 calculated the spin fluctuation mass

enhancement parameter Asf of the above alloys. They found that AsFO.O in

Cu-Zr glasses. It ranges from 0.01 for ZrgoNi20 to 0.12 for Zr36Ni64 in Ni-Zr,

while it is more apparent in Fe-Zr at 0.04 for ZrgoFe20 and 0.1 for Zr75Fe25,

respectively.

Mahini et al10 reported the effect of quasi-hydrostatic pressure up to

8.0 GPa (80 kbar) on Tc of ZrxNilOO-x metallic glasses. They observed that

the change of Teas a function of pressure can be accounted for by the

change of the density of states N(E) and consequently, the change of the

electron-phonon mass enhancement parameter Aep. EI Amrani et al11

measured Teas a function of hydrostatic pressures up to 0.5 GPa on

ZrgoFe20 and ZIfSFe25. They attributed the increase in Tc to the reduction

of spin fluctuations under pressure. To obtain their results they assumed that

the change in the electron-phonon interaction parameter Aep depends only
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on the change in the average square phonon frequencies with pressure.

However,the reported results on pressure dependence of Tc of ZrxNilOO-x

10, Zr60Cu4012, and Zr70Pd3012 metallic glasses indicate strongly the

variation of N(E) with pressure. To obtain a realistic estimate of the change

of the spin fluctuation parameter with pressure, we have carried out t11e

measurement of Tc under quasi-hydrostatic pressure up to 8.0 GPa on

ZrgoFe20, Zl/sFe25, and Zl/5CU25 metallic glasses. Spin fluctuation effects

are believed to be non-existent in CU25Zr75.9 Thus, from the pressure

dependence of Tc for CU2sZr7S we estimated d1nAep/dlnv for ZrxFelOO-x

and ZrxNilOO-x glasses with x around 25. The result was used to detennine

the d1nAsfldlnv for ZlfsFe2S, ZrgoFe20, and Zr7SNi2S metallic glasses. In

addition, we carried out measurements of Tc under quasi-hydrostatic

pressure up to 8.0 GPa on Zr75(NixFelOO-x)25 for x=75, 50, and 25 in order

to see the effects of spin fluctuations clearly, since iron is believed to

produce the strongest spin fluctuations in this kind of metallic glass9 •

This thesis is organized in the following way: Chapter 2 gives a brief

review of metallic glasses, Chapter 3 deals with general background on

superconductivity leading to the modified McMillan equation, Chapter 4

contains all the experimental techniques used to complete this work, and

Chapter 5 presents the experimental results. In Chapter 6 we discuss the

obtained results in the light of the modified McMillan equation under

pressure, and concluding remarks are given in Chapter 7.



!:hapter #2-Metallic Glasses

In recent years, metallic glasses have become the subject of an

increasing research effort in both science and technology. The study of the

glassy state which is a mere frozen picture of a liquid has become the

guiding way in understanding noncrystalline materials. Metallic glasses

possess many promising technological applications due to their outstanding

mechanical, magnetic, and chemical properties. The basic principle of

obtaining metallic glasses is by rapid quenching of a molten material. The

principal effect of such rapid quenching is the suppression of movement or

diffusion of the atoms in the material being quenched. The quenching

method happens at a cooling rate as high as 101ooC/sec. Crystal structures

of certain classes of alloys can be completely suppressed, Thus creating

metallic glasses in the process.

The objective of this chapter is to describe briefly the experimental

methods employed in the preparation of metallic glasses, the glass transition

temperature, and the ability of metallic glass formation, as well as a

description of the characteristic structure of the atomic arrangement in the

glassy state.
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Preparation of Metallic Glasses

As stated previously, the most common method of producing metallic

glasses is via rapid quenching of a molten liquid of the desired metallic

material. High cooling rates in excess of 106 °C/sec can most likely prevent

the normal process of crystallization and provide an environment for the

formation of metallic glasses. Such a high cooling rate can be achieved by

rapidly depositing the melt on a highly conductive metallic substrate in the

form of a thin film layer. The thickness of the film should be kept to a

minimum, since the rate of cooling at a point in the liquid decreases with its

distance from the substrate. Several methods have been designed to

achieve such conditions. All these methods yield samples with at least one

dimension much smaller than the other two. Some of these methods can

only produce small amounts of samples suitable for basic research, while

others can produce large quantities of material that can be used in scientific

applications. The two most important techniques are:

1) The Piston and Anvil Technique

The experimental set-up for this technique consists of a fixed anvil

and a rapidly moving piston at speeds ranging from 2 to 3 mls as shown in

Figure (2-1)13. When a droplet of molten alloy is allowed to fall between the

anvil and the piston, the piston will act to squeeze the droplet against the

anvil into a thin layer. A high cooling rate is established in the process and
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the result is a splat of 15 to 25 mm in diameter and 40 to 70 microns thick.

The obtained samples are suitable for basic research, such as the study of

their electronic and magnetic properties and structural details.

2) Melt Spinning Technique

With this technique, rapid quenching and high cooling rates are

achieved via two steps. The first step is to force a molten alloy through an

orifice of a small diameter by means of gas pressure to form a molten jet.

The second step is to allow the molten jet to impinge on a chilled moving

substrate such as a rotating copper wheel, Figure (2-2)14 Upon impinging,

solidification takes place to form a glassy ribbon that is 3 to 6 mm wide, 20 to

70 microns thick, and several meters long. High cooling rates of 106 to 108

K/sec can be obtained with this technique. These cooling rates depend 011 a

variety of ways of some parameters such as :

a) The tangential velocity of the wheel;

b) smoothness of the surface finish of the wheel;

c) the orifice diameter;

d) the angle of ejection;

e) the velocity of the molten alloy jet, and

f) the ambient gas pressure.
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Careful attention to the above parameters achieves the optin1um

experimental conditions for the production of glassy ribbons. Two

examples of methods are being described which employ the chilled moving

substrate. The first example is the rotating disc with a horizontal axis as

shown in Figure (2..3a)13. The second example is the dual rollers technique,

shown in Figure (2..3b)13. A liquid stream of a molten alloy is fed into a gap

between two rapidly rotating rollers. By taking care in adjusting the mass

flow and the temperature of the molten alloy, as well as the velocity of the

rollers, it is possible to obtain the desired cooling rates to produce glassy

ribbons.

There are many techniques to obtain metallic glasses,but they are

not as widely used as the tow above. Among the techniques known there

tow which are attractive and worth mentioning here. They are (1) Melt

Extraction and (2) Laser glazing.

1) Melt-Extraction (Figure 2-4)15

This is similar to the melt spinning technique, since both use a rapidly

spinning copper wheel as the chill block. In the process of melt extraction,

the edge of the spinning wheel is brought into contact with the surface of a

source of molten alloy. The melt solidifies on the edge of the wheel and

stays in contact with it for a short period of time, and then it is released

spontaneously in the form of glassy ribbons. Melt extraction can be done in

two different ways as described below:
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a) Crucible melt extraction, in which the molten alloy is contained in a

crucible, and the extraction wheel is mounted above the melt as shown in

Figure(2-4a).

b)Pendant drop melt extraction, in which the molten alloy is a droplet

suspended on the end of a rod of the same material as shown in Figure (2

4b).

2) Laser Glazing:

This method takes advantage of the ability of lasers to generate

power densities of up to 108 watts/cm2. The schematic diagram of the

technique is shown in Figure (2-5).13 A sample of the desired metallic alloy

is mounted on a rapidly rotating disc. A laser beam with power densities of

104 watts/cm2 or greater, is focussed on a mirror which reflects the beam

onto the sample. A completed melting of the metallic alloy is established in

the fonn of a thin layer, while the substrate remains cold. After the passage

of the laser beam, rapid solidification takes place since there is a large

temperature gradient. Average cooling rates in excess of 108 °C/sec are

achieved in melt thicknesses ranging from 1 to 10 microns. Cooling rates

are correspondingly lower in thicker sections. The inset of Figure (2-5)

shows a typical laser-glazed sample and its transverse cross-section.

All the above described techniques are the product of well thoughtout

ideas of combining different experimental methods to produce working

conditions for rapid quenching.
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Glass Transition

When a molten metal is cooled down to form a solid form, two

different events of solidification may occur. Either a discontinuous cooling

to form a crystalline solid, or a continuous cooling to form a metallic glass.

The two solidification events are shown schematically in Figure (2-6)14,

where the changes are observed by monitoring the volume as a function of

temperature upon cooling. The crystallization process takes place at

temperature Tf, the freezing (or melting) point (Curve 1). The liquid to

crystal transition is manifested by an abrupt contraction to the volume of the

crystalline solid. Crystallization is usually established at sufficiently low

cooling rates, but for sufficiently high cooling rates, gradual bend in VeT)

with a small slope, and no volume discontinuity are observed (Curve 2).

The crystallization temperature Tf is bypassed without incident, and a

continuous cooling of the liquid phase to reach the glassy state is

established. The liquid to glass transition takes place over a narrow

temperature interval near Tg, the glass transition temperature. In spite of

the two different routes taken to achieve either crystallization or glassy

state, the volume of the metals in both states is nearly the same. Even

though the production of glassy materials mainly from silica has been known

to mankind for thousands of years, yet the formation of metallic glasses had

not been achieved until 1960 (by Duwez16).
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The first thermodynamic evidence of glass transition in the history of

metallic glasses was reported by Chen and Turnbull in 1968.17 Their

measurements of specific heat Cp and viscosity 11 (Figures (2-7) and (2

8)17) were carried out by means of warming a splat sample through Tg, the

obtained results indicate a reversible glass to liquid transition at Tg, which is

manifested by the abrupt increase in specific heat, and a reversible

decrease in viscosity at Tg.

The effects of heating on Tg have been investigated by means of

differential scanning calorimetry (DSC) experiments.18 Experimental results

of different heating rates (around 10 K/min) show that metallic glasses

undergo recrystallization at a temperature Tc slightly higher than Tg.

Metallic Glass-Forming Criteria

In many cases, some metallic alloys have a greater forming tendency

than others20• Of course, this fact poses the following question: what is the

general rule which can be used to predict glass-forming ability in any given

system? The answer is that there is no general rule; furthermore, tIle

problem remains as one of the great unsolved mysteries of glass science. In

spite of this, Yavari and Rouault (1985)19 took advantage of the fact that

many of the glass-forming alloys have certain common features, and on this

basis they adopted a number of simple criteria to identify and develop new

binary metallic glasses. These criteria are described as follows:
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1) Fast interstitial diffusion of one element in the other's crystalline

lattice; indicating soft repulsive branches of the interatomic interaction

potentials.

2) Strong attractive interatomic interactions between the constituent

atoms. Such strong interatomic interaction always exists in alloys where

the free energy of mixing is negative.

3) Large atom size difference between the constituents (also implicit

in 1).

4) Near-eutectic or low-liquid compositions.

5) Absence of solid solubility in the crystalline phases closest in

composition to that of the liquid alloy.

6) Presence of low-symmetry intennetallic crystalline phases in the

neighbouring composition range and/or structures with large unit cells

indicative of low symmetry short-range order (SRO).

The first three criteria are responsible for stabilizing the liquid,

development of the SRO in the disordered phases, and lowering the free

energy of the glassy structure with respect to that of their crystalline

counterparts. The fourth criterion allows a more rapid quenching rate and

helps formation of a higher density liquid alloy. The last two criteria serve to

reduce the nucleation and growth of crystalline phases. AltholIgh

exceptions can always exist, adopting the above criteria can always be

sufficient to help metallic glass formation.
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Structure of Metallic Glasses

Structural arrangement of atoms of any solid substance is essential

information for any detailed study of the substance's properties. Such

structural information in condensed matter has been investigated by a

number of different scattering experiments, such as X-Ray, neutron, and

electron scattering. In these scattering experiments, an incident

monochromatic beam is scattered by a solid sample, as shown

schematically in Figure (2-9)14. The intensity of the scattered beam is

measured as a function of a scattering angle, where this scattering angle

can always be expressed in terms of a scattering vector K. In doing so, the

scattered intensity is always proportional to the structure factor S(K). The

structure factor S(K) versus scattering vector K can always show the

patterns of the structural arrangement in the sample being studied.

The atomic arrangement in r-space can be described in terms of a

paIr correlation or a radial distribution function (RDF) g(r), which

determines the probability of finding two ions separated by a distance r. The

patterns of structural arrangement resulting from S(K) versus K can be

seen clearly in r-space with the aid of the RDF being the Fourier transform

of the structure factor. Figure (2-11)13 shows schematically the RDF for

crystalline solids, liquids, and gases; where Bragg oscillatory peaks for a

crystalline sample, damped oscillatory peaks for a liquid,and no peaks i.e a

constant for an ideal gas.
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A typical structure pattern for an amorphous metallic glass is ShOWl1

in Figure (2-12)20 (an experimental result of X-Ray, neutron, and polarized

neutron diffraction on a sample of C080P20 metallic alloy). A very liquid-like

pattern is observed, where the nearest neighbour distance in K -space can

be obtained from the wave number of the peak. Unlike the liquid pattern,

the second maximum is split into a double peak. Such a split is a

characteristic of amorphous metallic glass. Also, there is no long range

order in comparison to the crystalline state.

Most of the metallic glasses are usually binary alloys of the form AB.

This requires that their structure must be described in terms of partial

structure factors SAA(K), SAB(K), and SBB(K). The determination of such

partial structure factors is done experimentally by performing three

independent scattering experiments as shown in Figure (2-12)20. Figure (2

10)14 shows schematically proposed atomic arrangements corresponding to

the obtained structural patterns of crystalline solid, metallic glass, and gas.

The atomic arrangements of amorphous materials in terms of the

degree of randomness are constrained at short distances by the physics and

chemistry of the atom-atom bonding interaction. This is responsible for tIle

short range order and the high degree of local correlation in the glassy state.
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Chapter #3-Backa=round Qn Superconductivity

The superconducting state is characterized by a critical temperature

Tc; the resistivity of a superconducting sample drops to zero discontinuously

at Tc. Superconductivity is believed to be a state of zero resistance, and not

simply a state of very low resistance, since it has been observed that

persistent electrical currents (small enough) flow without attenuation

indefinitely. One way of demonstrating this is to suspend a magnet bar

above a concave superconducting disk. The induced supercurrents act to

repel the magnet and suspend it indefinitely. The phenomenon of

superconductivity was first observed by Kamerlingh Onnes in 1911 1 (three

years after he succeeded in liquefying helium in 1908), when he measured

the resistivity of mercury at liquid helium temperature.

The superconducting transition is a perfect second order phase

transition. This is manifested by a sharp finite discontinuity in specific heat

as a function of temperature for any superconducting element. In spite of

the fact that many materials exhibit a superconducting transition, there is no

simple rule to determine which elements will become superconductors;

however, the following observations can be made:

a) The only elements which become superconductors are metals;

b) all have critical temperature under 10K;



24

c) good conductors at room temperature (noble metals) do not

become superconductors.

d) magnetic metals do not become superconductors.

The above observations are concerned with elements; however,

superconducting materials do exist as compounds and alloys in a vast

number which would make the nonsuperconducting metals a minority. Up

until very recently, the highest known critical temperature was 23.2K for

the alloy Nb3Ge. Then, in 1986, Alex Muller and Georg Bendnorz21

discovered a superconducting compound of barium-Ianthanum-copper

oxide with a critical temperature of about 30K. Since then, many groups

began to synthesize new compounds, and a Tc of 90K was obtained within a

few months.

The superconducting state exhibits magnetic properties which are as

dramatic as the previously mentioned electrical ones. A superconducting

sample will act as a perfect diamagnet in the presence of weak applied

magnetic fields at the appropriate critical temperature range. In 1933,

Meissner and Ochsenfeld22showed that a superconducting sample will

exclude the flux whether the field is applied before the temperature is

lowered or vice versa, i.e., the state of flux exclusion is a true

thermodynamic equilibrium state. This is known as the Meissner effect. At

some applied magnetic field, sufficiently strong, the superconductivity will

be destroyed. The destruction of superconductivity is characterized by a

critical field as a function of temperature Hc(T). At the critical temperature
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the critical field is zero; HeCTe)=O. There are two types of superconductors

in terms of critical fields_ A type I superconductor excludes magnetic fields

until superconductivity is suddenly destroyed at some value He, and then the

field penetrates completely. A type II superconductor excludes the field

completely up to some value HeI- Above Hel the field is partially excluded

while the superconductivity is still there. At a field He2 much higher than

HeI, the superconductivity is destroyed and the field penetrates completely.

The region between Hel and He2 is known as the vortex state.

Experiments have shown that there is a decrease in entropy between

the normal state and the superconducting state, indicating that the

superconducting state is a more ordered state than the normal state.23 Heat

capacity measurements in the superconducting state have also shown that

the electronic contribution to heat capacity has an exponential dependence

with the exponent proportional to -1rr23 , indicating excitation of electrons

across an energy gap. Such an energy gap is a characteristic but not a

universal feature of the superconducting state. In 1950, FroWich24proposed

as a mechanism responsible for the transition to superconductivity,the

coupling between electrons via the positive ions of the lattice. This became

evident from the variation in the critical temperature of mercury from

4.185K to 4.146K as the average atomic mass M was varied from 199.5 to

203.4 amu. Also, it has been observed that the critical temperature changes

smoothly when different isotopes of the same element are mixed together.

The experimental results within each series of isotopes may be fitted by a
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relation of the fonn MaTc=constant. This is known as the isotope effect in

superconductivity.

A theory of superconductivity must be able to account for all the

observed experimental behaviour of superconductors. These experimental

observations are summarized in the following points2 :

a) A second order phase transition at the critical temperature,

b) the exponential behaviour seen in the specific heat, and other

evidence for an energy gap for individual particle-like excitations,

c) the Meissner-Ochsenfeld effect,

d) the infinite conductivity (p = l/cr),

e) the isotope effect (MaTc=constant)

The mechanism proposed by Frohlich could lead to an effective interaction

between the electrons themselves. The electrons are coupled to the lattice

because the ions of the lattice are positively charged. This coupling is

explained as an electron emitting a phonon, setting the ions into vibration.

An electron can also absorb a phonon. Thus, a phonon emitted by one

electron can be absorbed by another, leading to an interaction between the

electrons themselves. If the net attraction between a pair of electrons

(taking into account the exchange of phonons and the repulsive coulomb

interaction) is attractive, then the pair will always have a bound state. In

1956, Cooper25calculated the binding energy (Eb) of a pair of electrons of

opposite momenta inside the Fenni sphere. He found that Eb is given by
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(3-1)

where }i is Planck's constant, (Od is the phonon frequency, N(O) is the

electronic density of states at the Fermi level, V is the pairing potential of the

electron-phonon interaction. This pair of electrons is known as the Cooper

pair. Such a pair should have a stable structure as long as the thermal

energy of the electrons is small enough (kBT < Eb). If the superconducting

state is built of Cooper pairs in some sense, then one would expect that kBT

~Eb.

In 1957, Bardeen, Cooper, and Schrieffer2 developed a theory for

superconductivity based on a net attractive interaction between electrons

via the exchange of phonons. They created the ground state of a

superconductor as an ordered state of Cooper pairs. Their quantum

mechanical treatment of the theory led to the following equation

(3-2)

where kB is the Boltzmann constant, and YtroD is the Debye energy for the

phonons. This (BCS) theory was able to account for Tc of some simple

metals, but not so for transition elements and compounds.

In 1968, McMillan3 applied the theory of strong coupling to

superconducting transition metals. He calculated the critical temperature
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as a function of electron-phonon and electron-electron coupling constants.

His theoretical treatment of the critical temperature led to the following

empirical equation

where aD is the Debye temperature, Jl* is the electron-electron coupling

parameter, and Aep is the electron-phonon coupling constant given by the

following equation:

(3-4)

where <12> is the average square of the electron-phonon matrix element

over the Fermi surface, M is the ionic mass, and <002> is the average

squared phonon frequency.

Although the McMillan equation is quite good for bulk transition

elements and alloys, it overestimates Tc of some d band elements and

compounds. This overestimation is believed to be due to the neglect of spin

fluctuations which depress Tc. McMillan himself has suggested that effects

of spin fluctuations could be included in his equation by choosing a

somewhat larger coulomb term Jl* (larger than the ordinary estimate of

0.13).
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The McMillan equation was later modified4,5 to include the effect of

spin fluctuations. Aep is replaced by Aep!O+Asf) and Jl* by (Jl*+Asf)j(l +Asf),

where Asf is the spin fluctuation mass enhancement factor.The following

expression forAsf reads8 :

(3-5)

where PI is the momentum cut-off for spin fluctuations expressed as a

fraction of the Fermi momentum, and I is the Stoner enhancement factor in

the valence magnetic susceptibility:26

Xv = JltiN~O)
1-1

(3-6)

where JlB is the Bohr magneton, and Nb(O) is the bare density of electron

states at the Fermi energy.

Garland and Benneman5 have suggested that in order to study the

effect of spin fluctuations on Tc, it is desirable to work with a system which

is well understood and free of spin fluctuations, and then add impurities

which will produce such fluctuations. These impurities could be looked at

as solute spins which fluctuate in time with a frequency l/1;sf (1;sf is the

localized spin fluctuation lifetime). These solutes will behave magnetically if

1;sf » l'T (l'T is the thermal fluctuation lifetime at temperature T) or
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nonmagnetically if ~sf « tT. Due to the exchange interaction between

conduction electrons and solute spins, magnetic impurities strongly depress

Tc.



oC.hapter #4-Experimental Methods

Glassy ribbons of Zr75M25 (M=Cu, Ni, and Fe), and Z17s(NixFelOO

x)25 (x =75, 50,25) were prepared from high purity (99.999%) metallic

elements using the melt spinning technique. The preparation of the ribbons

is done in two different stages, where arc-melting is the first stage, and

melt-spinning is the second. The first experimental task was to design a

system for the melt spinning technique. The two experimental stages are

described below.

Arc-Melting

Appropriate amounts of the high purity elemental metals were

weighed within an accuracy of 10-4 gram (using a Fisher scientific balance)

to obtain the desired atomic percentage of the constituent elements in each

alloy composition; the total weight of the compositions was between 1.0 to

1.5 grams. The constituents were then arc-melted for 10 seconds in a

water-cooled copper hearth with a zirconium getter under an argon

atmosphere using a tungsten electrode. The resultant pellets were then

turned over and remelted for the same amount of time in order to ensure

homogeneity.

For optimum experimental conditions, the vacuum chamber in which

the arc-melting took place was pumped out and then flushed with argon gas
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twice. The copper hearth was cleaned very well and polished for eacl1

melting. An argon atmosphere pressure of about 17 kPa gave the best

experimental conditions for arc-melting (i.e., the argon pressure inside the

chamber was set at 17kPa after pumping and flushing).

The final result was a button of the same weight as the total starting

weight of the constituent elements for each composition with a mass loss of

less than 0.1 %.

Melt-Spinning

As it was mentioned previously in chapter 2, the main theme of this

technique is the forcing of a molten metal through an orifice of sinall

diameter by means of gas pressure to impinge on a spinning copper wheel.

The designed melt-spinning apparatus consists of five essential

components, as shown in Figure (4-1):

1) A vacuum chamber with a long cylindrical arm, and a gas inlet,

2) a quartz crucible with a small orifice at one end,

3) an induction heating coil for melting the sample,

4) a solid 4-inch diameter copper wheel capable of rotating at 10,000

rpm,

5) a three-way solenoid valve.
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The vacuum chamber allows the quenching to take place in a controlled

atmosphere and to avoid oxidation effects. The three-way solenoid valve

was used to keep the pressure in the crucible and the chamber equal. This

was to prevent any possible premature ejection of the melt, since there

would be a pressure build-up in the crucible as a result of the sample out

gassing during the heat-up.

For optimum experimental conditions, the vacuum chamber was

pumped out and flushed with high purity argon via the gas-inlet twice, and

then, the pressure inside the chamber was kept at 40 kPa during the

experiment. A Westinghouse 35 kW rf-generator was used to power up the

induction heating coil. A 1/8" outer-diameter copper coil tubing was used to

make the induction coil, which had five turns and a 22 mm outer-diameter.

The crucible was made from 16 mm outer-diameter quartz tubing, which

was 40 cm long with a small opening at its end. Quartz crucibles of different

nozzle geometries were tried. For long nose crucibles, there were problems

of solidification of the melt at the tip of the crucible. For a flat crucible the

molten jet was not stable; short-nosed crucibles with an orifice diameter of

0.3 to 0.5 mm gave the best results in ensuring continuous amorpl1olls

metallic ribbons. It was found that a distance of about 0.5 cm between the

tip of the crucible and the wheel surface gave the most continuous stream

for the molten jet. Ejection angles ranging from 0°_15° were tried. An

ejection angle a of 9° gave the best results. For better control of the

distance between the tip of the crucible and the wheel surface as well as the

ejection angle, a quartz tube holding device was designed in such a way as
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to enable the movement of the tube in the z-direction as well as the x-y

plane. For continuous smooth ribbons the wheel surface had to be very

smooth and very clean, i.e., no scratches or fingerprints whatsoever. It was

found that upon increasing the speed of the wheel and keeping everything

else constant, the thickness of the ribbons decreased, while increasing

either the orifice diameter or the ejection pressure and holding other factors

constant, tended to increase the thickness of the ribbons. Therefore,

increased cooling rates were possible by increasing the speed of the wheel

and reducing the orifice diameter and increasing the ejection preSSllre,

since rapid quenching and cooling rates depend on the thickness of the

sample (as discussed in chapter 2).

To get some idea of how all the experimental parameters depend on

each other, the Bernoulli equation was applied to the molten metal in the

quartz crucible (Figure 4-2).

(4-1)

where P2 - PI is the pressure difference across the orifice,

V2 is the velocity of the molten metal column in the quartz crucible,

V1 is the velocity of the molten jet,

~h is the height of the molten column in the crucible,

p is the density, and g is the acceleration due to gravity.
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For experimental conditions, J1h and V2 can be ignored, to give an

expression for the jet velocity squared, V2 :

v 2 = 2J1P
P

(4-2)

The volume/sec of the molten alloy jet is equal to the jet velocity times the

orifice area:

(4-3)

where R is the orifice diameter.

If one considers the volume/sec of the ribbons formed to be equal to

(AT) where A is the ribbon's cross-sectional area, and T is the tangential

wheel velocity, then by equating to the volume/sec of the liquid jet,

(4-4)

The dependence of the experimental parameters on each other can be seen

clearly from the above equation.

For optimum experimental conditions for the production of the

ribbons, the chamber argon gas pressure was kept at 40 kPa, the ejection

argon gas pressure was set to 100 kPa, the orifice diameter was

0.4+0.05mm, and the tangential velocity of the copper wheel was kept
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constant throughout at 35+5 m/s. The resultant ribbons were about 2 mm

wide and 20 to 25 microns thick which agree well with equation (4-4).

The structural state of the samples was characterized by X-Ray

diffraction using eu Ka line. All of the samples showed that they had

amorphous structures.

Room Temperature Resistivity Measurements

A four-point dc technique was employed to measure the electrical

resistance at room temperature where the voltage was measured with a

Keithly #181 nano-voltmeter, and the current was supplied by a constant

current generator. Great care was taken to ensure good current and

voltage contacts.

Accurate measurements of the electrical resistance (R) at room

temperature were obtained. The resistivity (p) was to be obtained from the

known relation

p = RA
I

(4-5)

where I is the length of the sample, and A is the cross-sectional area.

Therefore, accurate measurements of I and A were essential. For this

reason, the length of the sample ribbon was (O.5+0.001)m, and the cross

sectional area was obtained from the density (d) of the sample according to

the following relation:
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(4-6)

where m is the mass of the sample. By making the substitution for A into

relation (4-5), we obtain

p = Rm'd . (4-7)

The above relation was used to determine the room temperature resistivity

once accurate measurements of the physical parameters involved, were

completed.

The density measurements of the samples were carried out using

Archimedes method with toluene being the liquid medium (due its low

surface tension) according to the following relation

ds = Wair d
t

Wair- Wt
(4-8)

where Wair is the mass of the sample in air, Wt is the mass in toluene, and dt

is the density of toluene which is 0.8669 g/cm3 at 20°C.
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Temperature Dependence of the Upper Critical Field Measurements

A Quantum Design MPMS (Magnetic Properties Measurements

System) shown schematically in Figure (4-3)26 was used to provide the

desired range of magnetic fields with a temperature range of 300K down to

1.7K. For each constant magnetic field value, a four-point dc resistivity

technique was employed to monitor the electrical resistance of the sample

as a function of temperature. The current was supplied by a constant

current generator, and the voltage was measured with a Keithly #181 nano

voltmeter. The superconducting transition temperature was determined as

the midway point on the R vs. T transition for each magnetic field value.

The magnetic susceptibility was measured using the MPMS, where it

gave the magnetization as a function of temperature for any given value of

magnetic field.

Pressure Technique

The superconducting transition temperature of the metallic glass was

measured as a function of increasing pressure up to 8.0 GPa using an

appropriate quasi-hydrostatic pressure cell for the proposed experiment.

The pressure cell used in this experiment is shown in the schematic diagram

of Figure (4-4)27where the two steatite disks were used as the pressure

transmitting medium.
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A pyrophyllite ring 450Jl thick, 6 mm outer-diameter, and 3 mm inner

diameter was placed on the top of the lower steatite disk of Figure (4-4).

Six grooves were cut in the pyrophyllite ring, and deepened down to about

two thirds of its thickness to accommodate six electrical leads, each about

15Jl in thickness. A 175Jl-thick soap stone disk whose diameter is slightly

less than 3 mm was placed inside the pyrophyllite ring. A piece of tIle

ribbon sample, and an L-shaped piece of lead (used as a pressure

manometer) were placed on top of the soap stone. Six electrical leads were

then led through the grooves made in the pyrophyllite ring, where three

leads are set on top of the sample ,and, the other three on top of the lead as

shown in Figure (4-5). Another soap stone disk with the same dimensions

as the lower one was placed on top. Fibreglass was used to cover the wires

in the grooves. The electrical leads were passed through a hole in the

copper beryllium support ring near the side of the steatite disk, then through

a groove in the disk near the bottom of the cell in Figure (4-4) to come out of

the pressure cell. A junction of copper constantan thermocouple and Ge

thermometer were used as a means of measuring temperature and kept as

close as possible to the sample to minimize the temperature gradient. Tlleir

leads exited the pressure cell in the same way as the electrical leads from

the opposite side of the steatite disk. Each element of the pressure cell was

carefully handled when fit in its appropriate place; then, the screw was

tightened to lock the sample between the two steatite disks inside the

pressure cell. Pressure was applied on the cell using a commercial

hydraulic press. At the same time the force acting on the cell was locked in
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by tightening the screw. Leads 1 and 6 of Figure (4-5) were connected to a

constant current generator to supply a constant current of about 4.94 rnA to

pass through the sample and the lead. Leads 2 and 3 were connected to a

DARCY Digital Multimeter 440 to measure the voltage across the sample.

Leads 4 and 5 were connected to a Keithly #181 nano-voltmeter to

measure the voltage across the lead sample. The whole construction of the

circuit was used to serve as a four-point dc resistivity technique to measure

the superconducting transition temperature of both the glassy and lead

samples simultaneously in the quasi-hydrostatic pressure cell. The currellt

direction was switched from positive to negative for each measurement

where the positive and negative readings were averaged in order to

eliminate any possible thermocouple voltage induced at the electrical leads

contacts.

The superconducting transition temperature of the lead was used as a

means of measuring the amount of pressure applied in the quasi-hydrostatic

pressure cell. The superconducting transition temperature versus applied

pressure on lead are given by Eichler and Wittig28 as they appear in the plot

of Figure (4-6).

One junction of copper constantan was already mounted close to the

sample, and another junction was placed in liquid nitrogen to serve as a

reference point. The voltage across the thermocouple was measured using

one channel of a Keithly #619 electrometer/multimeter. The measured

voltage was used to provide a range of temperature measurements from

25K to 300K. A current of about one hundred ~A
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was supplied to the thermometer using a current power supply. The voltage

across it was measured by using a second channel of the Keithly #619. The

required voltages were used to serve as a means of measuring the

temperature range from 1.3K to 25K. All the measuring instruments were

interfaced to a Commodore 64 computer (shown schematically in Figure

(4-7) to provide accurate measurements and calculations of tIle

temperature and the relative resistivity (relative to room temperature

resistivity) needed to measure the superconducting transition temperature

of the glass and the lead sample.

The whole assembly of the quasi-hydrostatic pressure cell was

lowered down into a dewar assembly which consisted of two dewars. TIle

pressure cell was cooled down in three stages. The first cooling stage was

done by transfering liquid nitrogen in the outer dewar where the contents of

the pressure cell were cooled down to about 8DK. The second cooling

stage was done by a slow transfer of liquid helium in the inner dewar where

the contents of the cell were cooled down to the liquid helium temperature

of 4.2K. The third stage was cooling the contents of the pressure cell

further down by pumping on liquid helium.

The measurements were taken while cooling down first, then

warming up, using a heater wound around the pressure cell to ensure that

the temperature gradient was minimized.

The superconducting transition temperature (Tc) was measured as

the midway point ofthe relative resistivity at the transition temperature.
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Chapter IS-Results

This chapter contains all the experimental results for Zr75Fe25,

Zf7SCU2S, and Zr7s(NixFelOO-x)2S (x=75, 50, and 25) metallic glassy alloys.

The normalized electrical resistance of the above alloys was

measured as a function of temperature ranging from 300K down to 1.7K

under constant applied pressures up to about 8.0 GPa. In all cases the

temperature dependence of the electrical resistivity shows an almost linear

dependence with a very small negative slope up to the superconducting

transition range. Figure (5-1) shows the behaviour of the electrical

resistivity as a function of temperature ranging from 300K down to 3.3K

under the applied pressure of about 0.8 GPa for Z17S(Ni7sFe2S)25. This kind

of behaviour was seen in all cases under all values of applied pressures.

The measurements were taken while cooling down first, then warming up

for each case. In all cases temperature gradient was a minimum. The

superconducting transition temperature was taken as the midway point

between the 90% and 10% of the superconducting transition.

The applied pressures were determined from measurements of the

superconducting transition temperature for lead according to Figure (4-6).

Figure (5-2) shows the behaviour of relative electrical resistivity for lead as

a function of temperature at the applied pressure of about 3.5 GPa. The

behaviour of the electrical resistivity in Figure (5-2) remains essentially the

same under all applied values of pressures up to about 8.0 GPa;
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Fi~ure 5-2

Graph of Relative Eesj"tivitv as a Function of Temperature for

Lead

at the ,-\DPlied PreSS1Jre of 3,5 GPas
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however, the superconducting transition temperature shifts to lower values

with increasing applied pressures.

Figure (5..3) shows the relative resistivity for Zr75Fe25 as a functiol1

of temperature at the superconducting transition temperature range for

eight different values of constant applied pressures. The amounts of applied

pressures in units of GPa from left to right for the transitions in order are 1.4,

2.8, 3.6, 4.2, 4.6, 5.6, 6.4 and 7.4. At the applied pressure of about 1.4 GPa,

the transition is sharp with transition width of about 0.04K, while at the

applied pressures of 2.8 GPa and higher the transition undergoes a

multiphase transition with increasing superconducting transition range as

well as a transition temperature width. However, it can be seen from the

plot that the multiphase transition moves at the same rate with temperatllre

between any two neighbouring transitions. The result of Figure (5-3) is

quite reproducible even when the sample was annealed at 250°C for one

hour in an evacuated quartz crucible. A similar behaviour was seen before

by Mahini et aliO for ZrgoNi20 as shown in Figure (5-4).

Figure (5-5) shows the relative resistivity for Zr75Cu25 as a function

of temperature at low temperatures for five different values of constant

applied pressures. The values of the applied pressures in units of GPa for

the five transitions given in increasing order from left to right are 0.8, 1.8, 3.2,

4.8 and 5.8. The graph shows that the superconducting transition

temperature as well as the width of the transition increases with applied



Fi~ure 5-3

Graph of Relative Resistivitv as a Function of Temperature for

Zr75Fe25

at the Superconductin~ Ran~e
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Fi~ure 5-4

Gravh of Relati've Resisti'vitv as a Function of Temperature for

Zrgo Ni 20

at the SUDercQnduCfin~ Ranee fl01
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Fieure 5.. 5

Graph of Relative ResistivjtY' as a Function of TemperattJre for

Zr7-Cul-~ _:>

at the SUDercQnductiu2 Ran~e
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pressure with the development of slight multiphase transition,but not clear

enough if compared with that of Zr75Fe25.

Figure (5-6) shows the behaviour of the superconducting transition

temperature as a function of applied pressure for ZIfSCU25, Zr75Fe25, and

ZrgoFe20 (the results for ZrgoFe20 were obtained from an earlier work

where the transitions were sharp for all pressures with increasing transition

temperature width ranging from 0.04K at 1.2 GPa to 0.17K at 7.4 GPa at tl1e

rate of 0.02 K/GPa)29.

Figure (5-7) shows a plot of relative resistivity versus temperature at

low temperatures for Zr7s(Ni7sFe2S)25 at six different constant values of

applied pressures. The values of the applied pressures in units of GPa given

in order from left to right for each transition are 0.8, 2.0, 2.9, 4.0, 5.0 and 6.0.

The graph shows that the superconducting transition temperature increases

with applied pressure; it also shows that the width of the transition

temperature increases with increasing pressure where the width of the

whole transition (taken in the normal way between the 90% and 10% of t11e

transition) ranges from O.OSK at 0.8 GPa to 0.16K at 6.0 GPa. The whole

transition shows the development of a double transition at applied pressures

greater than 2.0 GPa, which is quite evident at the applied pressure of about

4.0 GPa. In determining the rate of change of the superconducting

transition temperature with pressure, the superconducting transition

temperature Tc was taken in the usual way as the midway point between

the 90% and 10% of the whole transition to serve as an average value for



Fieure 5-6

Graph of the Superconductine Transit jon Temperature V~t

Pressu re fa r
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Fi~ure 5-7

(iraph of Belati've Resistivitv as a Function of Temperature for

Zr7s"(NiisFe2S)25

at the Superconductine Range
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the double transition. Such determination of Tc was considered because the

width of the transition is small, and the rate of change with temperature at

which the transition moves is almost the same between any two

neighbouring transitions.

Figure (5-8) shows the behaviour of the superconducting transition

temperature as a function of increasing applied pressure for

Zr7s(Ni7sFe2S)2S.

Figure (5-9) shows the relative resistivity as a function of

temperature at a temperature range of 2.9K to 4.0K for Zr7S(NisoFeSO)2S. It

can be seen from the plot in this figure that the superconducting transitiol1

temperature increases with increasing applied pressure; as well, there is an

increase in the width of the transition accompanied by a multip11ase

behaviour. The values of the applied pressures in units of GPa for t11e

observed transitions in order from left to right, are 1.3,2.8, 3.5,4.3,5.1, and

5.8. At the applied pressure of about 1.3 GPa, the transition is very sharp

with a transition temperature width of about O.06K. At the applied pressure

of about 2.8 GPa and greater, the transition width becomes very wide, and

ranges from O.28K at 2.8 GPa to 0.57K at 5.8 GPa. For each multipl1ase

transition, the superconducting transition temperature was determined for

the first three phases. Figure (5-10) shows the behaviour of the

superconducting transition temperature as a function of increasing pressure

for the first three phases of the multiphase transitions.



Fi~ure 5-8

Graph of the SUIJercQnductin~ Transition Temperature V5,

Pressure for

Zris(NiisFe2S)25
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Fi~ure 5-9

Graph of Belati've Resjsti\yit"r as a Function of Iemperature for

Zris(NisoFesO)25

at the SUDercQnductin~ Ranee
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Figure 5-10

Graph of the SUDercQnductjn~ Transition Temperature vs,

pressure for

Zr75(~ii50Fe50)25
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Fj~u[e 5·}]

Graph of Relative Resistj'vitv a~ a Function of Temperature for

Zris(Ni2sFe7s)25

at the SUDercQnductin~ Ran~e
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Figure (5-11) shows the relative resistivity as a function of temperature for

Zr75(Ni25Fe75)25 at the superconducting transition range for six differellt

values of applied constant pressures. The values of the applied pressures in

units ofGPa for the transitions in order from left to right, are 1.7,2.1,3.5,4.8,

6.5 and 7.4. The graph shows an increase in the superconducting transition

temperature as well as the transition temperature width with applied

pressure. The temperature width of the whole transition temperature taken

in the usual way between the 90% and 10% of the transition ranges from

0.06K at 1.7 GPa to O.13K at 7.4 GPa. The transition is sharp at the applied

pressure of about 1.7 GPa, while at the applied pressure of about 2.1 OPa

and greater a double transition is seen, which becomes clear at the applied

pressure of about 4.8 GPa. The superconducting transition temperature

was determined as the midway point of the whole transition (between the

90% and the 10% of the whole transition) to serve as an average value for

the same reasons as for ZI/S(Ni7SFe2S)2S.

Figure (5-12) shows the behaviour of the superconducting transition

temperature as a function of increasing applied pressure for

Zr75(Ni25Fe7S)25.

Table (5-1) shows the values of the rate of change of the

superconducting transition temperature with pressure (aTclap), and the

superconducting transition temperature extrapolated at zero pressure for all

of the above studied alloys.



Fi~ure 5-12

Graph of the SUJ2ercQnductin~ Transition Temperature \7$.

Pressu re for
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Table (5..1)

65

Alloy Composition Extrapolated to Tc(O) K dTc/dP

K/Pa x 10-9

Zr7sCu2S 3.1 0.09iO.OO2

Zr7sFe2S 1.8 0.19

ZrgOFe20 3.0 0.12

Zr7s(Ni7sFe2S)2S 3.35 0.14

Zr7s(NisoFeSO)2S 2.73 0.15

Zr7S(Ni2sFe7S)2S 2.35 0.16



Figure 5-13

Graph of the SuvercQnductin~ Transition Temperature \'$,

;,6,.pplied !y1a~netic Field for

Z r7 5 (N ixF e 1OO-x)2 5
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Figure (5-13) shows the behaviour of the superconducting transition

temperature upon increasing applied magnetic fields forZI/5(NixFelOO-x)25,

where x=75, 50 and 25. From the above measurements, the rate of change

of the applied field with temperature at the superconducting transition

temperature (aHeJaThc was determined in the same way as Altounian et

al8 for each alloy as is listed in Table (5-2).Since no work had ever been

done on these alloys before,the obtained rates along with the measurements

of electrical resistivity, valence magnetic susceptibility, and density for each

alloy were required in order to determine the spin fluctuations mass

enhancement factor Asf. The calculations of Asf were done in the same way

as Batalla et a19, according to the following equations:

_ ~6N~O)
Xv -

1-1

9 - '~ p2 I \Asf = --I-/~ 1 + _1-----1
2 12 1 - I

T - eo 1 1 + Aep + ASf\c - ~xp· - ----=----
1.45 \ 'Aep - Asf- ~*J



C/J
\0

l~al)Ic (5-2)

Zr7s(Ni7sFe2S)2S Zr7S(NisoFeSO)2S Zr7s(Ni2sFe7S)2S

d g/cm3 6.87±0.05 6.85 6.82

Xv (10-6 emu/mole) 102.4 115.3 126.2

(dHc2-) 35.70±O.3 35.90 39.27
dT Tc Koe/K

P JlQ-cm 162.0±2 163.0 169.8

N'Y(O) states/eV atom 2.33 2.32 2.41

Nb(O) states/eV atom 1.38 1.36 1.41

T 0.565 0.62 0.64

Asf 0.045 0.063 0.070
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Table (5..2) contains the values of the density (d), the valence magnetic

susceptibility (Xv), (aHe2laThc' the room temperature electrical resistivity ( p

), the "specific heat" density of states NY(O), the bare density of electron

states at the Fermi energy Nb(O), the Stoner enhancement factor I, and Asf

for the alloy series ZIf5(NixFelOO-x)25.
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Chapter #6-Dis~ussiQn

In discussing the experimental results presented in the previous

chapter, we have to deal with two important issues. The first of these is the

multiphase transition behaviour observed in the glassy alloys as a result of

applied high pressure, and the second is the dependence of

superconductivity on pressure for these alloys in the light of the modified

McMillan equation.

The observed multiphase transition behaviour indicates the existence

of different phases when pressures greater than 1.0 Gpa are applied. In

order to see if there is any change in the structural state of the sample upon

applying pressures greater than 1.0 Gpa, it was decided to carry out X-Ray

measurements on three different sample arrangements. The first sample

arrangement was unpressurized sample mounted on a quratze substrate,

the second was two soap stone disks pressurized to 5.0 Gpa, and the thrid

was a small piece of the sample sandwiched between two soap stone disks

and pressurized to 5.0 Gpa in the same manner as to duplicate the

experimental conditions of the quasi-hydrostatic pressure cell. These three

sample arrangements might enable us to see clearly the effect of the applied

pressure on the structural state of the sample.Energy dispersive X-Ray

diffraction measurements were performed on a sample of ZI7S(NisoFe50)25

(where the multiphase transition behaviour is pronounced) for the three

cases by one of Dr. Moore's (of the physics Dpartment, Brock University)
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graduate students,namely Mr. Elyaseery. The obtained three spectra are

shown in figures (6-1),(6-2),and (6-3) for the three cases in order, where

the energy ranges from zero to 20 Kev on the X-axis, and the number of

counts runs from zero to 1000 on the Y-axis. Analyzing the obtained spectra

taking into account fluorescence due to the elements of the sample as well

as the system used, Elyaseery decided that the sample had an amorphous

structure in the first case, and if its spectrum was added to the spectrum of

the pressurized soap stones, the spectrum of the pressurized sample and

soap stones (thrid case) would be obtained. Hence, there is no evidence of

crystallization; however, it was felt that more X-Ray measurements should

be done using this kind of three-sample arrangement.

According to Olinger and Jamison30, hcp Zr undergoes a phase

transition to the ro-Zr phase under applied pressure, and it retains the

produced phase long after the pressure is released. Mahini et al 10 carried

out an X-Ray study of a pressurized sample of Ni20ZrgO in order to

investigate the nature of the double-phase transition seen this alloy. They

claimed the existance of crystalline O)-Zr lines apart from the amorphous X

Ray pattern. they argued that it possible, in the immediate neighbor-hood of

these ro-Zr crystals, the composition of the glass is slightly richer in Ni

content than the rest of the sample; thus, it has lower Teas well as a lower

aTclap in agreement with their data. The multiphase transition behaviour

seen in our alloys could be explained in terms of the formation of different

regions of different concentration within each alloy due to the application of
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pressure. However, more careful work is needed to invesitigate clearly the

nature of this multiphase transition behaviour.

The behaviour of the superconducting transition temperature (Tc) as

a function of pressure presented in Chapter 4 for each of the alloys shows a

linear functional behaviour of the fonn Te =Te(O) + (aTc/ap).p. The Te(O)

obtained from a least squares fit to the data extrapolated to P=O agrees well

with the Tc's measured at ambient pressure. The calculated values of

aTclap from the least squares fit show an increase in value with increasing

iron concentration in both cases of binary and ternary alloys. For the case

of binary alloys, aTclap of Zf75Fe25 is larger than the aTclap of ZrgoFe20

and Zlf5CU25. The quasi-hydrostatic measurements of the the aTc/ap for

ZrxFelOD-x metallic glasses are almost two times larger than the reported

low pressure hydrostatic results (0.5 GPa) of EI Amrani et al. II With the

quasi-hydrostatic technique one cannot measure pressure below 0.8 GPa;

thus, there is no way to clarify the nature of this discrepancy between tllese

two results as long as the quasi-hydrostatic technique is used. Since the

extrapolated Tc(O)'s agree well with the Tc's measured at ambient

pressure, there is confidence regarding the accuracy of the measurements.

Using the quasi-hydrostatic technique, Willer et al12 measured the Tc(P) of

Zr60CU40. They found aTc/ap = 0.046 K/GPa, which compares well with

the results obtained here for Zf75CU25 with aTclap = 0.09 K/GPa. A similar

behaviour of aTc/ap was observed in ZrxNilOD-x alloys as a function of

concentration.10
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To understand the effect of pressure on Tc, the modified McMillan

equation was used to determine the effect of the parameters responsible for

the observed change. Jl* has been considered to remain constant under

pressure for transition elements.31 Using Jl* = 0.13 and Asf = 0.00 for

ZIJ5CU25 one obtains

dlnTc 1.097Aep dlnAep

-------- =-1'0 -r --------------------- • ----------
alnV [0.919Aep - 0.13]2 dlnV

where Yo is the Griineisen parameter, a is the

Cv alnV

coefficient of linear expansion, BT is the bulk modulus and Cv is the specific

heat. These metallic glasses obey Vegord's law reasonably well at all

temperatures. Such a law states that,if the value of almost any property of

an alloy of a continous solid solution of the form Ax Bl-x is plotted as a

function of x , a straight line is obtained 32. Thus, one can estimate (l, BT and

Cv at room temperature from known values of elemental Zr and Cu as well

as Fe and Ni. One obtains Yo =1.12 for Z175CU25 and using Aep =0.56 and

dlnV Tc

dTc a1nAep
one obtains -------- = - 0.42. This result indicates

dP dlnV
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<12> <N(E» (3)

that Aep =----------------------- depends on the change of the product
M<82>

<12><N(E» with pressure. Otherwise, one should expect that

dlnAep aln<82>
--------- = ------------- ,..., + 2,0, which is positive and thus does not give the
dlnV alnV

observed pressure dependence of Tc.

Batalla et a19 showed that the effect of spin fluctuations are

nonexistent in Cu-Zr metallic glasses, but do exist for Fe-Zr and Ni-Zr, and

they are more apparent in Fe-Zr than in Ni-Zr at the same concentration.

Such effects of spin fluctuations are considered to be the cause of the

depression of Tc ,4,S and also expected to be sharply reduced by applied

pressure,S thus giving rise to a higher Tc. The rate of change of Tc with

pressure is expected to be faster, the higher the effect of spin fluctuations in

any system. Using the quasi-hydrostatic pressure technique, Mahini et ai lO

showed that the effects of spin fluctuations in ZrxNilOO-x are negligible.

Comparing dTc1dP for Zr75Ni25 obtained from Figure (6-4)10 to the value for

ZI75Fe25, it can be seen that the effect of spin fluctuations is more apparent

in Zr75Fe25 than in ZI75Ni25; moreover, the data clearly shows the effect of

spin fluctuation in depressing Tc and the sharp reduction of spin fluctuation

with applied pressure for the ternary alloys once the iron concentration is

increased.



78

Since these metallic glasses have a highly disordered environment,

the level of spin fluctuations could be varied by changing the alloy

composition without major changes in structure. Using the volume

dependence of Aep for Zr75CU25 and the modified McMillan equation which

incorporates spin fluctuations, the volume dependence of the spin

fluctuation parameter, alnAsf / aInV was determined for the binary alloys

Zr75Ni25 and ZIf5Fe25 as well as the ternary alloys ZI/S(FexNilOo--x)2S.

The results are tabulated in Table (6-1). These results show clearly the

effect of spin fluctuations on these alloys.



Eieure 6-~

Graph of Normalized Chanee in Transition Temperature \vith

PreSSLJre vs, the Atomic Percentaee of ;\·i for

Zrx1\iilOO-x [10]
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rl'al)lc 6-2

Alloy ex BT Cv YG Tc aTc/ap Aep Asf aIrAsr/a1m
(10-6 IZ-1) (1010 N/m2 (cal/cm3K K 10-9

) IZ/GPa

ZrsoFe20 7.07 9.25 0.512 0.918 3.0 0.12±.002 0.65 0.04 1.48±.02

Zr7sCu2S 8.5 9.75 0.53 1.12 3.1 0.09 0.56 - -

ZI75Ni25 7.6 9.67 0.56 0.936 3.53 0.13 0.63 0.033 1.26

Zr7s(Ni75Fe25)25 7.54 9.63 0.552 0.943 3.35 0.14 0.64 0.045 1.52

Zr7s(NisoFeSO)25 7.48 9.60 0.546 0.943 2.73 0.15 0.64 0.063 1.78

Zr7s(Ni2sFe7S)25 7.42 9.56 0.54 0.942 2.35 0.16 0.64 0.070 2.23

Zr75Fe25 7.36 9.52 0.533 0.938 1.8 0.19 0.64 0.10 2.38
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Chapter 1/7-CQDclnsioD

A system capable of producing amorphous metallic glasses of good

quality has been completed.

Using the quasi-hydrostatic pressure technique, the superconducting

transition temperature as a function of pressure for pressures up to about

8.0 GPa was measured for the binary metallic glassy alloys of ZrsoFezo,

ZI75Fe25, and ZI75CU25. as well as for the ternary alloys of Zr75(FexNil00~

x)25 for which x has the following values: 25,50 and 75. In the case of

Zr75CU25 glassy alloy, an increase in Tc was observed with pressure

resulting from an increase in the electron-phonon interaction. The increase

in Aep is not expected from the volume dependence of the phonon

frequencies and shows the importance of the volume dependence of the

<I2><N(E» term. The volume dependence of the spin fluctuation

parameter was obtained from the Tc(P) data on ZrxFelOO-x, ZI75(FexNilOO

x)25, and Zr75Ni25 glasses using the modified McMillan equation and the

volume dependence of the Aep obtained for Zr75CU25. It was found that spiI1

fluctuations are suppressed under pressure. The suppression rate in these

metallic glasses increases with increasing iron concentration, and it is larger

for Fe-Zr glasses than Ni-Zr glasses of similar composition, which shows

that iron produces the strongest spin fluctuation in these metallic glasses.

The observed multiphase transition in the alloys could be explained in

tenus of the formation of different regions upon applying pressure, in the
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sense that the resistivity drops through each region when it becomes a

superconductor, then it drops completely to zero when all the regions exhibit

a superconducting state. However careful X-Ray measurements is needed

to clearfy such behaviour.
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