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Abstract 

The electronic contribution to the resistivity p and its temperature dependence 

were investigated for amorphous and crystalline [ F ~ $ O ~ - , ] ~ ~ . ~ Z ~ ~ ~ . ~  (O 5 x 5 1) 

doys in the temperature range 80-300 K. As Fe-rich compositions may exhibit spin 

fluctuation effect s, transport properties were not studied below 80 K where spin fluc- 

tuation effects must be taken into consideration. The compositional and structural 

integrity of the samples was verified by means of X-ray diffractometry, electron- 

microprobe analysis, and differential scanning calorimetry. It was also c o b e d  

that the fist  crystallization product for ail the compositions is the face-centered cu- 

bic phase with the NiTi2-type structure. A tme cornparison between amorphous and 

crystahe transport properties was thus possible. For the metallic glasses, it was 

observed that p(T) had a temperature dependence of the fom: A + Bezp(-TlA) 

in agreement with Miautani who proposed this relation for glasses containing a sig- 

nificant number of d-electrons at EF. The characteristic temperature, A, was found 

to be telated to the Debye temperature, B D ,  and the parameter B to the electronic 

specific heat coefficient, y. The resistivity data for the crystalline tenary compounds 

exhibited a (c - bT + aT2)-dependence. Both the glasses and th& crystalline coun- 

terparts were characterized by negative temperature coeniuents of the resistivity, 

a. However, for the glasses, a increased as the Fe content increased whereag for the 

crystalline compounds a decreased as the Fe content increased. 



Résumé 

La contribution électronique à la résistivité p et sa dépendance en températnre 

ont été examinées pour les alliages amorphes et cristallins de [FeJ201-.]33.3Zrd6.7 

(O 5 x 5 1) dans la gamme de température 80-300K. Puisque des effets de fluctua- 

tions de spin peuvent se manifester dans les compositions riches en fer, les propriétés 

de transport n'ont pas été étudiées au-dessous de 80 K là où ces effets de fluctua- 

tions de spin doivent être pris en considération. L'intégrité de la composition et de 

la structure des échantillons a été vérifiée au moyen de la difljcaction des rayons X, 

de I'analyse par microsoude électronique, et de la calorimétrie différentielle. De plus, 

il a été c o n h é  que Le premier produit de cristallisation de toutes ces compositions 

est la phase cubique face-centrée avec la structure de type NiTi2. Une comparaison 

exacte entre les propriétés de transport des alliages amorphes et celles des alliages 

cristallins était ainsi possible. Pour les verres métalliques, on a observé que p(T) 

avait une dépendance de la forme: A + Bexp(-T/A) conformément aux travaux de 

Mizutani qui a proposé cette dat ion ponr des verres contenant un nombre signifi- 

catif d'électrons d à Ep.  Un lien a été établi entre la température caractéristique, 

A, et la température Debye, BD,  ainsi que le paramètre B du coefficient électronique 

de la chaleur spécifique. Les données de résistivité ponr les composés ternaires 

cristallins ont révelé une dépendance teile que (c - bT + aaT2). Les verres métalliques 

et leurs pendants cristallins ont été caractérisés par des d e u s  négatives des coef- 

ficients de la résistivité, a. Cependant, avec l'augmentation du contenu ferrique, a 

a augmenté ponr les verres métalliques tandis que pour les composés cristallins a a 

diminué. 
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Chapter 1 

Introduction 

The term "glass" is almost invatisbly associated with the traditional transparent and 

brit tle window materid and household glassware [l] . However, st rictly speaking, a 

glass is a non-crystahe (i.e., amorphous) solid obtained by quenching a liquid. 

The ability to form glasses v&es for different materials. Silicate mixtures vit- 

rify at slow cooiing rates (= IO-' K/s) [2] and indeed are often hard to crystallize. 

Metallic glasses are considerably more difficult to produce and require very high 

coohg rates, in excess of 10' K/s [Il. If a iiquid is cooled sduen t ly  rapid pagt the 

melting point Tm, the time and energy required for nudeation and growth of crys- 

tallites is inadequate and crystfiation is bypassed. Thus, the liquid phase persists 

until a lower temperature Tg is reached. At Tg, the giass transition temperature, the 

supercooled liquid is effectively a solid because the time needed for configurational 

relaxation becomes too long on a laboratory tirne-scde [3]. Liquid-like structural 

disorder is frozen in the glassy solid. 

Both liquid and amorphous alloys are characterized by the absence of longrange 

atomic order. However, unlike liquids, amorphous doys do uthibit local correlation. 

Topologicd and diemical order exists for a few interatomic distances about any 

@va atom. Thus, glasses seem to have this high degree of short-range order in 
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common with crystals. In contrast though, the equilibrium positions of the atoma 

in crystalline solids form a translationdy periodic axray; long-range atomic order 

exists for crystals. 

Owing to this structnral difference, various physical, chemical, magnetic, and 

electronic properties of a metallie glass M e r  fiom those of crystadine materials 

[1,2,4]. Among these properties mention may be made of high hardness, exceptional 

mechanical strength, conosion resistance surpassing that of stainless steel in many 

cases, easy magnetizability, electron localization effects at low temperatures (for 

most met allic glasses), high electrical resistivit y and small t emperature coefficient 

of resistivity which can be positive or negative. 

The electron transport properties of amorphous materials have been a much 

explored subject for the past two decades. Several theories have been developed to 

explain their resistivity, p,  at high as well as low t emperatures [5]. One of the early 

theories was proposed by Faber and Zirnan in 1965 [6]. It was based on the following 

assump tions: 

a The glas is composed of rigidly fixed ions (nudei and core electrons) with a 

nearly fiee dectron gas consisting of valence eledrons. 

r The dectron transport properties cm be described in terms of the Boltzmann 

equation. 

0 Each ion interacts with the conduction electrons thtough a loealized pseudopo- 

tential. 

a The total effect of the ions is given by ordinaq perturbation theory. 

Unfortunately, actual resistivity measurements revealed that this assumption of elec- 

trons scattering elastically off ions ras inadequate. As a result, a ugenera&zed? 
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Faber-Ziman t heory was constmcted which incorporates electron-phonon interac- 

tions into the original theory [5] .  

The temperature dependence of the electrical resistivity &ses from the inter- 

action of conduction electrons with lat tice vibrations [7]. At low temperatures, 

superconductivity and quantum interference effects corne into play. The influence of 

the superconducting fluctuations on p(T) above the critical temperature has been 

analyzed both theoretically 18-10] and experimentally [11,12]. A somewhat unusual 

resistivity behaviou occurs in nearly magnetic amorphous systems. This effect was 

systematically studied recently [13] in amorphous Fe.Nii-,Zr2 and was at tributed 

to the presence of spin fluctuations. It was established that the spin fluctuation 

contribution to the resistivity varies as T2 at extremely low temperatures and as T 

at higher temperatures. 

In this thesis, the electronic contribution to the resistivity and its temperature 

dependence are investigated for amorphous snd crystalline Fe,Col-.Zr2 (O 5 x 1) 

doys. A similar study was previously carried out on Fe.Nil-.Zrz temary glasses 

[13]. However, in this earlier study, neither the temperature dependence of the resis- 

tivity nor the transport proputies of the crystalline state were investigated. In both 

of these systems, the glassy structure remains basicdy the same since Fe, Co and 

Ni have essentidy similar atomic sises and only the electton density changes. In 

the Fe.Nii-,Zr2 glassy system, only those compositions with r > 0.4 crystallise into 

the face-centered cubic (f cc) phase with the NiTiz-type structure while the Ni-ri& 

compositions crystahe into a body-centered tetragonal (bct ) phase with the Al2 Cu 

structure. A compaxison of the glassy and crystalline transport properties in such a 

system is t herefore not ideal. Moreover, as mentioned above, spin-fluctuation effects 

will  introduce non-linear contributions to the resistivities of the glassy doys  to var- 
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ious degrees depending on composition. In the FexCoi-,Zr2 system, on the other 

hand, as the first crystahation product for FeZg and CoZs is the face-centered 

cubic phase with the NiTia-type structare d compositions should cryst&e into 

this crystalline phase. It is expected, therefore, that a true cornparison between 

amorphous and crystalhe transport properties can be made over the entke com- 

position range. Here, the intention was to crystalbe the glas samples and com- 

pare the resistivity of the crystalline state with that of the amorphous state in the 

temperature range fiom 80 K to 300 K. As Fe-rich compositions may exhibit spin 

fluctuation effects, transport properties were not studied below 80 K where spin 

fluctuation effects must be taken into consideration. To ensure the required com- 

positional and stmcturd integrity of the doys, great care was taken during their 

preparation and subsequent chazacterization. The amorphous samples were pro- 

duced by rapid quenching of the melt. Their crystalline counterpaits were prepared 

using a differentid scanning cdorimeter. Verifkation of the composition and phase 

of these pseudo-binary doys was made using X-ray diffractometry, electron micro- 

probe analysis, and differential scanning calorimetry. The actual low temperature 

resistivity was measured using a four-probe ac technique. 

To s u r n m d e ,  the aim of this thesis is to prepare and characterize Fe=Col-,Zr2 

metallic glasses. The samples should be fiee of crystalline phases dther on the 

surface or as inclusions. The composition dependence of the cryst&ation chatac- 

teristics shodd give a strong indication of the quality and true composition of the 

glasses. The second objective of this thesis is to c o h  that the first crystallization 

product for ail compositions is the fcc NiTi2-type structure. Both of these objec- 

tives will be prerequisit es for future, det ailed studies on the elect ronic properties of 

the amorphous and crystalline States of the aUoy system. In the following chapter, 
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details of the fabrication and characterhation of the Fe=Col, Zr2 samples as well as 

the methodology used for the resistivity measmement sare described. In Chapter 3, 

the results of the ~ o u s  sample characterization techniques are discussed and an 

mdysis of the resistivity measurements is presented. A summary of the q u i m e n -  

td results and conclusions dong with suggestions for futme work are provided in 

Chapter 4. 



Chapter 2 

Experiment al Met hods 

For a proper study of metallic glasses, "good", "dean" samples axe reqnired. What 

is rneant by "good" and "dean"? It is important for the measured sample com- 

position to be as dose as possible (within 4 at.%) to the nominal composition. 

The smorphous nbbons should be free of crystallites. The crystalline counterpart s 

should be single-phased cubic with no oxides ptesent. Hence, in this chapter, details 

of the sample preparation and characterization dong with the methodology of the 

resistance measiuements are given* 
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2.1 Preparation of the Samples 

2.1.1 Ingot Preparation 

The raw materials used in the preparation of the F%Co1-.Zs2 (with O 5 x 5 1) 

dops are listed below: 

a Lon (Fe) 

- Aldrich Chemical Company Inc. 

- Milwaukee, Wisconsin 53233 USA 

- Morphology: chips 

- Purity: 99.9+% 

Cobalt (Co) 

- Atlantic Equipment Engineers 

- Bugenfield, New Jersey 087621 USA 

- Morphology: 114 - 1 inch pieces 

- Puritg: 99.9% 

Zirconium (2s) 

- Teledyne Wah Chang Albany 

- Albany, Oregon 97321-0136 USA 

- Morphology: crystd bar 

- Purîty: 99.95% 
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S m d  pieces (-1 gram) of the raw elements were first etehed to remove any 

surface contaminants. The pieces of cobalt were etched in a solution of HCI + &O2 
(3:l) and those of zhconium in H1O +HF + H202 (20:l:l). Once a silver appearance 

to the surface was obtained, the pieces were removed fiom the etchant and immersed 

in distiUed water to stop any further reaction. The met& were then ~ s e d  with 

ethanol to accelerate the drying process. 

Appropriate amounts (i.e., within 0.005 wt.% of the correct stoichiometty) of 

the constituent elements - Fe, CO, Zr - were arc-melted under zirconium-gettered 

prepurifîed (99.998%) argon gas to fom ingots of approximately 4 gams in mass. 

These ingots wete remelted 2-3 times, under the same conditions, to ensure their 

homogeneity. 

2.1.2 Amorphous Ribbon Production 

The amorphous Fe,Col-.Zr2 alloys studied in this thesis were prepazed using the 

melt-spinaing technique. A brief overview of the technique is given below along with 

an account of the experimental procedure followed here. 

Rapid Solidification - Melt-Spinning 

Metallic glas formation requires the rapid solidification of the molten form of the 

material. The melt-quenching process is characterized by the continuous inctease 

in viscosity of the melt. By cornparison, crystalhation of the melt occurs as a 

discontinuous solidification at the liquid-solid interface [4,14]. The metastability of 

the amorphous state and the themodynamic stability of the qstall ine state ensure 

that the formation of the amorphous phase will be supprursed if crystd growth is 

givtm the chance to take place. Therefore, glas formation demands that cooling be 
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sufnaently fast to prevent the nudeation and growth of crystallites. 

The melt-spinning technique yields the high cooling rates (i.e., 106 - 107 K/s) 

needed to produce a metallie glass [14,15]. It involves a jet of liquid metal imping- 

ing on a rapidly rotating heat-sink where the jet is reshaped and solidified. Upon 

solidification, the glassy ribbon is expelled fiom the surface of the wheel. Some of 

the parameters [Il whieh are important in the melt-spinning method of quenching 

the melt are discussed below. 

The primary goal is to select a wheel material which will transport heat swiftly 

and continuously away from the ribbon. Because of its excellent conducting proper- 

ties, copper is the material most commonly used. The surface finish and deanliness 

of the wheel greatly iduence the quality and form of the cast ribbon. Continaous 

use of the wheel creates a problem of surface Wear. However, this problem may be 

circumvented by refinishing the wheel following each use. 

Wheel Speed: 

The whed speed controls the quenching rate and as such is the single most im- 

portant paiameter in the melt-spinning technique. For the most part, increasing the 

rotation speed of the wheel decreases the thidmess of the ribbon. A rotation speed 

of 50 m/s produces a ribbon which is 20 pm thick and -2 mm wide. 

Chamber Atmosphere: 
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Dependent on the physical and chernical properties of the doy ,  melt-spinning 

rnay be c d e d  out in vacuum or in an atmosphere of air, inert gas, or reactive gas. 

Alloys susceptible to oxidation are cast in vacuum or in an inert gas atmosphere. 

Chamber atmosphere affects the smoothness of the surface and edges of the ribbon. 

M o y s  cast in helium may have smooth, even edges and whetl-side surfaces which 

m k o r  the wheel surface. The same doys  cast in argon rnay bave jagged edges and 

wheel-side surfaces exhibithg indentations [l] . 

Eiection Presssure: 

Gas pressurization is used to eject the molten d o y  from the crucible. Generally, 

an inert gas is used. Ejection pressures (typical gauge pressures between 5 and 70 

kPa [Il) are dependent on the desired melt delivery rate. High ejection pressnres 

improve the wetting pattern and, consequently, the thermal contact of the melt with 

the wheel. 

Experirnent al Details 

The amorphous Rbbons of the FesCol-,Zr2 doys were prepared using the single- 

rouer melt-spinning t eehnique shown in Fig. 2.1. 

A s m d  (-1 g) piece of alloy was placed in a quartz tube which had a naxrow 

(-0.45 mm) orifice at one end. This quartz crucible was placed inside a seded 

chamber and positioned over a polished copper wheel - which was tefinished with 

fine sandpaper and deaned with dcohol following each use. The entire chamber was 

then evacaated to 1.3 x kPa and backfüled with 99.995% pure h e l h  gas (-17 
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Fi- 2.1: A schematic diyrun of the mdt-spinning appurtur. Taken hom [NI. 
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kPa) to avoid oxidation and improve the quench. An ac motor was used to provide 

a tangential wheel speed of -50 m/s (wheel diameter = 10 cm, fiequmcy = 10' 

rpm). A water-cooled, radio frequency induction coil, powered by a LEPEL High 

Frequency RF-generotor, w u  used to melt the d o y  button. The molten material 

was forced throagh the tube orifice and onto the rotating copper wheel by applying 

(by means of a manudy operated solenoid valve) an argon gas pressure of 4 0 0  kPa 

to the top of the tube. The doy, in contact with the whed, cooled and solidified 

extremely fast. A decrease in temperature of about 1000 K occured in about a 

millisecond Le., a cooling rate of approximatdy 10' K/s was achieved. A solid 

nbbon of rnetallic glass was spun off the wheel and deposited inside a collection 

tube. 

The melt-spinning parameters (Le., wheel speed, tube-orifice diameter, orifice- 

wheel distance and melt temperature) were monitored so as to make certain that 

all of the Fe=Coi-,Zn ribbons wete manufactured under the same conditions. The 

resulting ribbons were typicdy 0.5-1 mm wide and about 20 pm thick. 

2.1.3 Crystallization of the Samples 

S m d  quantities of crystalline Fe.Col-.Zra alloys were needed for the subsequent 

study of the resistivity behaviom of this system. These samples were obtained by 

crystaking their glass counterparts in a differential scanning calorimeter (DSC). 

Two to three pieces of amorphous ribbon, each approlamatdy 5 mm in length, 

were encapsuiated in aluminum pans and placed inside the sample holder of a Perkin 

Elmer DSC-2c. High purity (99.995%) argon gas was flowed over the sample atea 

to prevent oxidation. The calorimeter was then progammed to heat the ribbon 

sample to a temperattue past the point of crystallization T.. Several of the alloys 



(namely, the cobalt-rich CoZr2, Feo.lC~o.~Zr~, and Feo.2CooaZr2) exhibit a second 

crystakation in the tempuature range kom 300 to 800 K. Extra case waa needed 

when heating samples of these compositions; to ensure the single-phase, cubic, na- 

ture of the cryst&ation products, it was necessary to heat to a point below the 

onset of the second crystallization. (The exact procedure adopted to obtain the 

c rys t~za t ion  temperatures is described in Section 2.2.3.) 

Upon heating to the desired temperature at a rate of 40 K/min, the sample 

was then immediately cooled (at the maximum rate of 320 K/min) down to room 

temperature before being removed £rom the sample holder of the calorimeter. Once 

at room temperature, the sample was removed from the aluminum pan without fear 

of oxidation. 

2.2 Sarnple Characterization 

The composition and state of the ternary compounds were charactehed by means of 

X-ray diffraction, electron microprobe analysis, and differential scanning cdorime- 

try. Bief  descriptions of each of these methods are given in the following sections. 

2.2.1 Electron Microprobe 

The electron microprobe technique was employed to verifSr the chemical composition 

and homogeneity of the metdic glasses. 

This commonly employed method is non-destructive and suitsble for s m d  Sam- 

ples provided th& surface is coated with a thin, conducting, transparent film [2]. In 

this case, the ribbon sample was placed onto double-sided tape, mounted on a glass 

slide, and electrically grounded by applying a thin film of carbon. The mounted 

sample wap then bombarded with electrons of energy 15 keV in order to excite inner 
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electrons to highu energy levels. The excitations quiddy decayed to the gound 

st ate efit ting characteristic X-ray radiation. The wavelength and intensity of the 

outgoing radiation was used to identify the type and concentration of emitting, con- 

stituent atoms. The analysis was done at different positions dong the sample to 

check its compositional homogeneity. However, the apparatus employed was quite 

cornplex and several corrections had to be made before obtaining the final atomic 

concentrations. The accuracy of the instrument allows the concentrations of most 

elements to be detennined to within 0.2 at.%. 

2.2.2 X-ray Diffraction 

The structural state of the intermetallic doys studied here was examined by way of 

conventional X-ray scattering using an automated Nicolet-StOe powder diffractome- 

ter in reflection mode. A sketch of the geometry of such an experiment is shown in 

Fig. 2.2. 

The source beam consisted of CuK. (A = 1.5418 A) radiation, selected so that 

the wavelength A = hc/E of the incident photons was comparable to the interatornie 

spaungs and the fWt peak of the amorphous diffraction pattern spanned a scattering 

angular range of 28 - 2 5 O  - 50'. The incident beam was focussed using Soller slits 

set 2 mm wide. The difEracted beam was passed through a graphite monodvomatot 

to remove most of the contributions from incoherent scattering such as fluorescence 

and air scattering. As such, mainly the coherent scattering fiom the sample was 

allowed to enter the scintillation detector. The measured quantity was the scattering 

interference function I(q) , where the magnitude of the scat tering vector q is related 

to the angle 28 between outgoing X-ray (Kaut) and incoming X-ray (Kin), see 
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Cu Target 
X-ray source 

Soiier Slits 
(horizontai: 2 mm) - 

Figure 2.2: A schematic view of the X-ray düfractometer. 
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Fig. 2.2, by 

For use with this particular diflractometer, short strips of the amorphous (or 

crystalline, as the case may have been) d o y  were stuck onto double-sided tape 

mounted on a glas slide. The dimensions of a single strip were typicdy 10 x 0.5 x 

0.02 mm3. The total asea covered by the sample was -1.2 cm2, which was sufficient 

to aehieve precise and accurate results. Most of the X-ray scans for the amorphous 

(crystdine) samples were perfomed in the 20 range fiorn 25' to 80' ( 2 5 O  - 55') at 

incrernentd steps of 0.1' (O.lO), and a counting time of 10 seconds (30 seconds) at 

each position. 

2.2.3 Differential Scanning Calorimetry 

Heat is either absorbed or iiberated whenever a material undergoes a chernical reac- 

tion or a change in physical state such as melting or transition fiom one crys tahe  

state to another. Many of these processes can be activated simply by raising the 

temperature of the material. Ditferential scanning calorimeters are employed to 

determine the enthalpies and temperatures of such transitions [l?]. This is accom- 

plished by mewuring the heat flow needed to maintain a sample of the material and 

an inert reference at the same temperature. 

For the purpose of this work, a Perkin Elmer Differentid Scanning Calorimeter 

DSC-2c, (shown schematicaIIy in Fig. 2.3) was used to determine the etystalliaation 

temperatures and enthalpies of the Fe,Col-,Zr2 doys. ApproiOmately 5 mg of 

sample were sealed in an aluminum pan and placed into the sample holder (one 

of two resistiveiy-heated holders whose individual temperatures were monitored by 

two separate resistance thermometers). Dry, high purity argon was flowed throagh 



F i ~ e  2.3: A sdematic illusttation of the Petkin-Elmu DSG2c differential scanning 
cdorirnetu [16]. Induded u e  (1) sample holder, (2) tefettnce holder, (3) tesistance 
thetmorneter, (4) hertu, (5) ugon Met, (6) ugon outlet, (7) aluminium body (heat 
sink), (8) themornetus fot s-pk and rtft~ence, (9) powet supplies for heaters, (10) 
sunple confined in duminium pin, and (11) refemw rrmpk. * 
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the sample area to prevent oxidation. The two holders were then programmed to 

be heated linearly at a rate of 40 K/min to 800 K. The Merence in the electric 

power needed to maintain the two holders at the same temperature was recorded 

as a function of temperature. Once the final temperature was reached, the sample 

was immediately cooled (at the maximum rate of 320 K/min) to prevent oxidation. 

Since the crystallization process of interest here is irreversible, a second scan of 

the sample was made immediately following the fist. The resdting scan was then 

subtracted from the initial one thereby reducing the effects of any instrumental drifts 

or background noise. 

2.3 Density Measurements 

The measurement of the density is important for a systematic examination of the 

electronic properties of metallie glasses with those of their cryst alline counterparts. 

Any such cornparison can be misleadhg unless materials of approximately equident 

densities are considered. 

For melt-spun amorphous samples, the measurement of density does not present 

a problem. The densities of the Fe=Col-,Zs ribbons were measured by applying 

Archimedes' principle: A body immersed in u liquid displuces a volume of liquid 

equal to its own. The density in air of this body c m  be determined by measuring 

its weight in aV, W.i,, and its weight in a fiquid medium, Wiiquid. Next applying 

the prinpple, 

With the mass of the displaced liquid determined by 
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the density of the sample is 

In the case of this work, a Mettler H20T mechanical balance was used for the 

weighing. Two meauring platforms each consisting of metal wire wound into the 

form of a spiral and connected together by an amorphous metal fiber (-15 pm in 

diameter) were suspended from the balance arm in such a way as to have the lower 

platform immersed in the liquid. 

The sample dimensions were, on average, 25 x 0.5 x 0.02 mm3 and the mass 

typically totalled 15 mg. Liquid tetrabromoethane (C2HIBrr  density = 2.97 g/cm3) 

was selected for the medium because of its high density and low surface tension. To 

further improve the accuracy of the resdts, the samples were measured several times 

to reduce the systematic errors due to temperatme and air draft perturbations. 

2.4 Resist ance Measurement s 

2.4.1 Room Temperature Resistance of a-Fe,Col-,ZrL 

The room-temperature electricd resistance of the metallic glasses was measured 

using a 4probe dc technique. A schematic diagram of the experimental set-up is 

provided in Fig. 2.4. 

A ribbon of amorphous d o y  of spproximately 50 cm in length was damped 

at the ends to a rectangniar piece of plexiglass. A pair of copper, pressure-point 

contacts were placed at each end of the sample.The oatermost pair served as cumnt 

leads while the innermost pair was ased to measure the potentid drop across the 
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299 DIGITAL MULTiMElER I 

I VOLTAGE CONTACTS 1 1 

-BON SAM= 

(approx. 50 cm) 

Figure 2.4: (a) A schmiatic repsesentation of the experimentd set-up employed for 
measaring the room-temperatare resistance of the nbbons. (b) A detailed view of 
the sample holder . 
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ribbon. Curent (-50 mA) was supplied by a Keithley 225 dc curent source. The 

voltage was measured using a multi-charnel Keithley 199 Digital Multi-Meter. 

For an accurate determination of the resistance of the sample, it is necessary to 

know the actud amount of current being supplied as well as the tnie voltage &op. 

By m e a s k g  the potential difference across the 1-0 standard resistor (see Fig. 2.4), 

it was possible to calcalate the m e n t  asing Ohm's law: Rln = Kn / 1. Obtaining 

the voltage, on the other hand, was less stcaightforward because of the contact 

potential which may exist at the junction between sample and contact. Furthemore, 

if a temperature difierence exists between contacts, an emf known as the Seebeck (or 

thermoelectric) emf [3] wiiI be generated. To remove theh contribution to the total 

voltage measnred, a second measurement with the polarity of the current reversed 

was taken. Because the Seebeck emf and contact potential do not depend on the 

current, subtracting the second measured d u e  from the first effectively cancelled 

their contribution to the voltage leaving only the potential across the sample due to 

the current, firop: 

where V+'Ot was the total voltage measured when a m e n t  1 was passed through the 

sample, and was the total voltage measured rhen a curent -I  was applied. 

With the true d u e s  of the currcnt and voltage, the room-temperature resistance of 

the ribbon sample was c d d a t e d  using, once again, Ohm's law. 
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2.4.2 Temperature-Dependent Resistance Measurements 

Changes in resistance with temperature for both the metallic glaases and th& erys- 

t alline counterparts were examined using a four-terminal ac bridge technique. 

Some preparation with regards to the alloy samples was needed before any 

measurunents could be taken. Voltage and curent leads, consisting of 45-gauge 

(stripped) copper wire, were îued onto a strip of sample roughly 0.5 cm in length 

with a s m d  amount of conductive silvet epoxy [18]. In order to reduce contact 

resistance and accelerate the curing process of the epoxy, the sample-lead assembly 

was annealed at 110 OC for approximately two hotus. The sample was then mounted 

onto one side of a mylar-coated piece of copper (12 x 16 x 0.5 mm3) using some GE 

varnish. The thin fdm of mylar served as an electrical insulatoc between the metallic 

sample and copper base. 

For the next stage, the sample mount was secured with some more of the GE 

varnish onto the copper-block end of the resistance probe and appropriate electncal 

connections were made between the sample and copper leads hoased within the four 

thin-wded stainless steel rods of the probe. A diagram of the resistance probe 

assembly is provided in Fig. 2.5. A calibrated piatinum resistance thermometer 

(Lake Shore Cryotronics Mode1 P t-111) located at the tip of the probe waa employed 

to monitor the temperatme of the sample. The accuracy of the thermometer k e d  

from 20 mK at 80 K to 0.1 K at 300 K. An excitation voltage of 2 mV was applied 

across the sample. Changes in the resistance and temperature of the sample were 

detected using an ac bridge in conjunction with an eight-sensor mdtiplexor (Linear 

Research Inc. Models LR-700 and LR-720-8, respectively). A sensitivity of 

C l  was easily achieved with this device and was more than adeqnate for the 10 mS2 

overall changes measured here. 
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Stainless Steel Rods - 
(housing 1, V leads) 

Sample Mount - Copper 

Insulahg Step 
(non-condudive epoxy) 

Mylar Film Saapie 
on Copper Base 

Pt- resistance Thermomeier 

Figure 2.5: Schematic diagrams of (a) the proboassembly used in the determination 
of the temperaturedependence of the resistance, and (b) the siunple mount. 
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The effect of temperature on the resistance of the doys  was examined in the 

range between 80 K and 300 K. This was accomplished with the expehenta l  ar- 

rangement, using a nitrogen-based cryostat , presented schematicdy in Fig. 2.6. 

With the probe encased in the series of concentric quarts tubes which make up 

the cryostat, the sample chamber was then evacuated to 4 kPa. The tempera- 

t u e  within the chamber was then decreased by introducing liquid nitrogen into the 

coolant chamber. To obtain a controlled and sufficiently slow cooling rate, the space 

between the sample and coolant chambers war difision-pumped to 1.3 x IO-' kPa. 

Once the temperature had dropped to near 200 K, 69 kPa of heiium gas was intro- 

duced into the chamber containing the sample to faditate further cooling down to 

80 K - the helium gas providing a medium for tramferring the "cold" to the sample. 

The values of the resistance and temperature of the sample were recorded every six 

seconds. The data was collected using the LABVIEW software which accompanied 

the LR-700 ac bridge and a Macintosh IIa persona computer. 
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to Diffusion Pump 

Evacuated Chamber 
(diffusion-pumped) 

Insularing Chamber 
(diffusion-pumped) 

He gas Inlet 
from Sample Chamber 
to Main Pump 

Ir Liquid Nitrogen Met 

Resistance Probe 

Sample Chamber 

Coolant Chamber 

Figure 2.6: Schematic arrangement of the nitrogen-based cryostat used to measure 
changes in the resistanee of the sarnples ovei the temperature range of 80 to 300 K. 
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Results and Discussion 

3.1 Sample C haracterization 

3.1.1 Chernical Composition of t he a- [Fe, Col-,]33.3Zr6s.7 Al- 
loys 

The element al composition and homogeneity of the ~ - [ F ~ . C O ~ - . ] ~ ~ . & ~ ~  ribbons 

were established by electron mictoprobe analysis. 

The concentrations of iron, cobalt, and zirconium were examined at several po- 

sitions dong each ribbon. The d u e s  of these concentrations were consistent (to 

within 0.3%) over the whole length of the ribbon, thus confirming its chemicai ho- 

mogeneity. Figure 3.1 shows the microprobe-determined concentrations of iron and 

cobalt for the Fe-Co-Zr rib bons plot ted against the nominal concentration of iron. A 

slight discrepancy can be seen at the nominal Fe-concentration of 20 at .%. There ap- 

pears to be less iron and even less cobalt than expected in this U - [ F ~ ~ . ~ C O ~ . ~ ] ~ ~ . ~ Z ~ ~  

sample. Furthemore, Fig. 3.2 shows that the amount of zirconium contained in this 

sample was roughly 3% more than that antiupated. The source of this inconsis- 

tency is probably in the initial ingot-prepuation stage. A slightly greater-than- 

intended starting mass of zirconium seems to have been the d p r i t .  In Table 3.1, 

the nominal and experimentdy measiued compositions of all the tunary Fe-Co- 
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L i i i i l i i i 1  I l l l i l i r i i l  
I 10 20 30 

Nominal Fe Content (at.%) 
48 

Figure 3.1: Electron microprobe determination of the concentrations of uon and 
cobalt for the U - ( F ~ . C O ~ - , ) ~ ~ . ~ Z ~ ~ ~ . ~  ribbons. 
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""O 10 20 30 40 
Nominal Fe Content (at.%) 

Figure 3.2: Electron microprobe de tedat ion  of the concentrations of zirconium 
for the a-(F%Col -.)33.3Zrd4.7 ribbons. The solid horizontal line indicat es the desired 
nominal concentration of zirconium. The accuracy of the measiuunents is quoted 
at 0.5 at.% 
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Table 3.1: Nominal and electron-microprobe- 
de t ermined values of the element al concentrations 
for the a-Fe.Col-.Zr2 ribbons. The accuracy of 
the measurements is quoted at 0.5 at.% for the 
element s inves t igated. 

.- 

Zr glasses studied are listed. The concentration of each constituent element differs 

fiom the expected nominai value by legs than 1 at.% - the exceptions being a- 

( F e o . ~ C o ~ . ~ ) ~ ~ . ~ Z r ~ ~ . ~ ,  and to a somewhat lesser degree, a-(Feo.8Coo.2)3s.3Zr~~.7. The 

accuracy of the experixnental arrangement is quoted as 0.5 at.% for the elements 

investigated. 

a- [FezCol-z]33.3~m.? 

Nominal Concentrations II Analyzed Concentrations 

3.1.2 AUoy Structure - X-ray Diffraction 

Radial Distribution Function 

Unlike ctystalline solids, the atomic structure of non-crystaüne solids cannot be 

precisely nor M y  speaed.  For pedect crystals, knowledge of the Bravais lattice and 
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the number of atomic locations contained 

acquired by X-ray diffraction, is enough to 

within the unit c d ,  which can e d y  be 

determine the coordinates of d the sites. 

Analogously, the unit c d  is absent for non-crystalline solids, and X-ray diffraction 

yields information which is incomplete and statistical in nature. 

The information extracted from the X-ray diffraction experiments about the 

structure of the non-periodic lattice of atoms is in the form of the pair distribution 

function g2(F') [2]. In a homogeneous (isotropie) solid - as are most glasses - the 

distribution function depends on the sepmation of the atoms, i.e., T .  The radial 

distribution function (RDF) is given by 

where ng2(r) represents the number density of atoms at a distance T from a reference 

atom. With increasing r ,  G(T)  exhibits a parabolic behaviour and details of the 

structure axe averaged out. To avoid the rapid increase in dope for large r, the 

differential RDF 

G'(T) = 47rr2n [ g 2 ( ~ )  - 11 (3-2) 

is used (for which the latge asymptote is zero) [2]. Note that this expression is 

related to the structure factor S(q3 (where q is the magnitude of the scattering 

vect or): 

or equivalently (by taking the Fourier transform), 

S(q) is in turn related to the experimentdy-meapnted, elastic scattering intensity 
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per atom [19] 

where 1 f (q )  l2 is known as the atomic f o m  factor and repiesents scattering of the 

radiation from an individual atom. 

As akeady mentioned, the pair distribution h c t i o n  is the most idormation 

that can be obtained kom diffraction experiments. Clearly, a complete description 

of the pair correlation in an n-component d o y  arnounts to measuring n(n + 1)/2 

pair distribution functions. 

Structural Data 

The structure of both the amorphous and crystalline [Fe~Col-z]3s,sZrse.7 samples 

was vedied by graphite-monochromated Cu Ka X-ray diffraction. 

With the experiment al set-up as shown in Fig. 2.2, a minimum crystalline fraction 

of 0.1% can be detected. If crystallites were to form, they would have done so 

preferentially on the f ree  side of the ribbon Le., that side which was not in contact 

with the wheel during melt-spinning and cooled much more slowly than the wheel- 

side surface. For this reason, the diffraction scans were done on the fiee side of 

the ribbon. Typieal difkactograms for ~ - [ F ~ = C O ~ - , ] ~ , ~ Z ~ ~ ~ . ~  are presented in Fig. 

3.3. The difnaction patterns exhibit two diffuse peaks (in this scan range) which 

axe distinguishing feattues of glasses, and are devoid of sharp q s t a l  spikes (Bragg 

peaks). The amorphous nature of the as-made glass samples was thereby confirmed. 

Figure 3.4 displays several diffraction scans putaining to the C - [ F ~ C O ~ - , ] ~ . ~ Z ~ ~ ~ . ~ .  

All of the spectra exhibit Bragg peaks characteristic of a aystalline phase. These 
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29 (deg.) 

Figure 3.3: Selected X-ray diifiaction patterns of U - ( F ~ C O ~ - . ) ~ ~ . ~ Z I ~ ~ . ~  (for x = 0, 
0.5, 1.0). The data have been offset for darity. 
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28 (deg.) 

Figare 3.4: Typical X-ray difliaction patterns of crystalline 
The pattern shown here corresponds to the composition with x = 0.3. 
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peaks are somewhat broadened by thermal and zero-point motion. Nevertheless, 
I 

they are wd-dehed and cannot be mistaken for the broad peaks observed for 

amorphous materid. Furthemore, in each of the spectta, a pattern consisting of 

four prominent peaks (located at approlcimate 28 values of 3 2 O ,  36O, 38' and 42") is 

In order to detamine the structural phase of the crystalline compounds, three 

compositions - FeZr2, Feo.7Coo.sZr2, and Feo.sCoo,rZr2 - were selected to repre- 

sent the crystalline system and were then analyzed. The peak positions of each 

of these compositions were fitted [20] to both the NiTi2-type, face-centered cubic 

(f cc) structure (Eg3)  and the A12Cu-type, body-centered tetragonal (bc t )  structure 

(C16). The caiculated peak positions and intensities for the fcc and b d  phases are 

indicated in Figs. 3.5, 3.6 and 3.7. From these figures, it can be dearly seen that 

the samples were, for all intents and purposes, single-phased f cc as required. In 

addition, the lattice parameter corresponding to the observed peaks was determined 

to be, on average, 12.35 0.17 which is in reasonable agreement with the reported 

values for Fe& (12.14) and CoZr2 (12.18) [21]. 

The *action patterns in Fig. 3.4 are typical of a.ll the Fe-Co-Zr crystals Save 

for crystalline Feo.6Coo.4Zr2. It is worth noting that the diffraction scan for the 

Feo,6Co0,4Zrz crystd (shown in Fig. 3.8) has two additional peaks at 28 = 3 5 O  and 

36.5", as compared with those of the other crystalline samples. Now, horn the 

electron microprobe results discussed earlier, it is known that the Zr-concentration 

is -3 at.% greater for this sample. Suspecting the additional peak positions to be 

due to this discrepancy, the peak positions were fitted to the hexagonal dose-packed 

(hep) structure characteristic of metallie zirconium. The r e d t s  of the fit confirmed 

this assump tion. 
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Figure 3.5: X-ray diffraction scans for crystalline Fêu.aZto6.r. The saperimposed 
vertical lines indicate the calculated positions and relative intensitics of Bragg peaks 
for the (a) f cc and (b) bct structures of crystalline FeZrl. The sample exhibits the 
f cc stntcture. 
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Figure 3.6: X-ray diffraction scans for crystiiiline ( F ~ ~ + C O ~ . ~ ) ~ ~ . ~ Z ~ ~ ~ . ~ .  The super- 
imposed vezticai lines indicate the caiculated positions and relative intensities of 
Bragg peaks for the (a) fcc and (b) bct stractures of crystalline F Q . ~ C O ~ . ~ Z S ~ .  The 
sample d b i t s  the f cc stnicture. 
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Figure 3.7: X-ray difiaction scans for crystalline (Feo.sCoo,s)33.3Zras.t. The super- 
imposed vertical lines indicate the calcdated positions and relative intensities of 
Bragg peaks for the (a) f cc and (b) bd structures of aystaüne Feo.5Coo.sZt2. The 
sample &bits the f cc structure. 
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Figure 3.8: X-ray difltaction scans for uystaüne (Feo.6Coo.r)u.sZres.r. The supetim- 
posed vertical lines indicate the cakdated positions and relative intensities of Bragg 
peaks for the (a) f cc, (b) hcp, and (c) bct structures of crystaJline F Q . ~ C O ~ . ~ Z ~ ~ .  The 
ssmple uthibits both the fcc and hcp phases. 
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3.1.3 Temperatures and Heats of Crystallisation 

The crystdhation behaviour of the metallic glasses provides yet another means of 

characterization. 

The amorphons samples were heated to 800 K (at a rate of 40 Kjmin) in a 

Perkin Elmer DSC. Severd of the thermogams axe reproduced in Figs. 3.9 and 

3.10. The temperature at which the exo thedc  maximum occurs is taken as the 

crystallization tempe~ature, T, and the area under the peak as the enthalpy change 

upon crystallization, AH.. The thermograms of the cobalt-rich compositions (see 

Fig. 3.10) d b i t  a second exothermic peak around 750 K. This second peak cor- 

responds to a crystal-cryst al transition, namely the transition from the met astable 

fcc state to that of the bct. The T, corresponding to the first crystallization (to 

the f cc structure) is shown for all the ribbons in Fig. 3.11. The incongruous value 

for [Feo.sCoo.4]33.3Zra6,7 is consistent with the earlier results of both the electron mi- 

croprobe anaiysis and the X-ray &action experiments. It has been observed that 

the stability of a glass or its glass-forming ability increases with the atomic size dif- 

ference of its constituent elements [22]. As Co ir slightly smaller than Fe, this may 

explain the s m d l  increase in T, (i.e., stabiüty) as the amount of Co is increased 

in the [Fe.Col-,]33.tZrss.T glasses. Another important parameter contributing to 

the glass-forming ability of a glass is the excess negative enthalpy of mixîng [23]. 

A simple calculation using Miedema's method [24] shows that Co-Zr alloys have a 

larger negative enthalpy of mixing than Fe-Zr doys  indicating the higher stability 

of cobalt-rich compositions. All in all, the &es of T. at the end-point composition 

of the Fe-Co-Zr temary system are in agreement with those of previoas wotk (see 

Table 3.2). 

An increaring trend in [AHc 1 with increasing iron content is observed in 
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peak from: 676.08 
to : 719.48 

onset: 687.21 
maximum: 692.72 

-caVgram: -9.56 

400 500 600 700 800 
Temperature (K) 

Figtue 3.9: Typical DSC thermogram showing the crystalliaation for the as-made 
( F ~ $ O ~ - . ) ~ . ~ Z ~ ~ ~ . ~  (0.3 < x 5 1) metallic glasses. 
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First Peak 
peak from: 697.9 

to : 734.58 
onset: 707.1 
maximum: 71 7.35 
callgram: -3.14 

400 500 600 700 800 
Temperature (K) 

Figure 3.10: A DSC trace of the crystalliaation behaviour of a-Ca33.3Zrss.7. The 
two exothermic peaks correspond to two transitions: the first, fiom the amorphous 
state to the met astable f cc phase; the second, from the f cc to that of the stable bct 
phase. 
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Fe Content (x) 

Figure 3.11: Crystallization temperatures (Ta) obtained fiom the DSC scans of the 
(Fer Co1-o)33.3Zrbd.T ribbons. 
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Table 3.2: Previously measured &es of crystal- 
kation temperatures (Tfcc and TW), density (d), 
and resistivity (p(300 K)) axe presented in this 
table. The crystallization temperatures are from 
DSC measurements at 10 K/min (' fiom resistiv- 
ity ). 

Fig. 3.12. (Note that the negative value of Ai?, indicates that the crystadbation 

process is exothermic. The DSC was set to record exothermic peaks as maxima 

and endothermic ones as minima.) The slight scatter in the data may be due to 

the difnculty in determinhg the temperature ümits of the crystalhation peak. The 

difficulty anaes from the fluctuations of the DSC instrument which appear as a 

curved baseline. This curved baseline makes it somewhat hard to determine precisely 

the onset and end of the transformation. 

Once again, a discrepancy for [Feo.sCoo.r]Js.sZrss.n this time in the wlue of AHc, 

is noticeable. In general, the behaviour of AH, for this pseudo-binary system is 

consistent with pnvious work [29,30]. AHc is essentially the fiee energy difference 

between the amorphous and c r y s t h e  dates. A laqer  IAHel for ken-rich compo- 

sitions may indicate the relative stability of the crystalline phase. Indeed, the f cc 

phase of FeZr, is more stable than that of Co& as indicated by their transformation 

temperatures to the stable tetragonal phase, TM, listed in Table 3.2. To calculate 

AHc and its composition dependence is not straightforwud and may nquite the 



Chanter 3. Results and Discussion 

Fe Content (x) 

Figare 3.12: Heats of crystallîzation (AHc) of a - ( F e $ ~ ~ - , ) ~ ~ . ~ Z r ~  plotted against 
the nomina iron content ( x ) .  
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construction of the metastable ternary phase diagram using a CALPHAD-type cd- 

3.2 Room-Temperat ure Resistivity 

The room-temperature electrical resistance of the [FerC~1-o]33.3Z~~d~ metallic glasses 

was measured using a four-terminal dc technique as discussed in Section 2.4.1. In or- 

der to make a compasison among the samples, these resistances had to be converted 

to electrical resistivities. Resistivity is usudy determined by cdculation fiom the 

measured resistance R of samples having known length 1 and uniform cross-sectional 

To overcome the difficulties which aise  when measuring the thickness of the nbbon 

(which may not be uniform throughout its whole length) by a micrometer, the 

resistivities were in fact determined fiom the measured resistance R, length 1, mass 

m, and mas  density d: 

The densities needed to convert the resistances to resistivities were measured by 

Archimedes' principle as discussed in Section 2.3. Table 3.3 lists p and d at room 

temperature. Although the values for the the end-point compositions are in relative 

agreement with those given in Table 3.2, the s m d  differences are probably caused 

by the subtle complexities involved in determinhg the densities just mentioned. 

Slightly inaccurate mass measurements, most Iürely owhg to air diafts present at 

the location of the balance, are propagated by the subsequent cdculations. The 

presence of s m d  air bubbles attached to the ribbons is &O a problem, and is the 
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Fe CONTENT DENSITY 
2 d 

U I 1 U 

Table 3.3: Measuted values of the density, d,  and 
room-temperature resistivities, p(300 K), for the 
a-Fe,Coi-,Zr2 ribbons. 
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principal cause for lower densities. This appears to be the case for x = 0.1 and 0.4 

giving rise to somewhat large d u e s  for p. 

The room-temperature resistivity of the a - [ F ~ C o 1 & . ~ Z r ~ . ~  samples veraus 

the bon content are plotted in Fig. 3.13. The data suggest that a slight decrease in 

p(3OO K) occurs as a function of iron content. 

3.3 Temperature Dependence of the Resistivity 

The temperature dependence of the electrical resistivity p(T), in the range fioom 80 

K to 300 K, was studied for both the amorphous and crystdhe [F~.CO~-+]~~.~Z~~~.~ 

d o y  systems. 

According to the generalized Faber-Ziman theory, the resistivity rnay be ex- 

pressed by the equation: 

where po is the residoal resistivity at O K, Ap is the contribution due to inelastic 

electron-phonon interaction, and the exponential term is the Debye-Wder factor 

[ 5 ] .  At 10w temperatures, not below 20 K, expansion of the Debye-Waller factor 

yields 

P = ~ - p ~ 2  (3.9) 

This temperature dependence of the resistivity is characteristic of metallic glasses 

with sp electrons at the Fermi energy, EF. Moreover, it is believed to be due to the 

interaction of the sp conduction electrons with the "Faber-Ziman lat tice" vibrations 

(i.e., atomic vibrations) [7]. Figure 3.14 shows the p vs. T relation for the zirconium- 

based Fe-Co-Zr ternary glasses. The data exhibit a (c - bT + aT2)-dependence which 

is markedly different fiom that predicted by the generalised Faber-Ziman theory 
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Fe Content (x) 

Figure 3.13: Room-temperature resistivity of t ~ - ( F e & o ~ - , ) ~ ~ , ~ Z r ~  ribbons. 
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100 200 
Temperature (K) 

Figure 3.14: Temperature dependence of the resistivity ratio for u-F%Col -,Zr2. The 
solid c m e s  through the data points are the quadtatic fits to the data (see Section 
3.3). Note that the data have been shifted for d d t y .  



Cliapter 3. Results and Discussion 

(see Eq. (3.9)). This deviation &ses in glasses, such as those studied here, which 

contain a significant number of d electrons at EF [7]. For these metallic glasses, 

the d-electron contribution to the scattering mechanism needs to be considered; the 

generalized Faber-Ziman theory is no longer d d .  

It has been proposed by Mizutani [7] that this unique temperature dependence 

of the resistivity in the range 30-300 K is given by the following empiricd equation 

where A, B, and A are the fitting parameters. The results of the leaot-squares 

fitting to Eq. (3.10) for the resistivity data of the Fe-Co-Zr glas system are shown 

in Fig. 3.15. The data conform w d  to the fitted exponential throughout the entire 

temperattue range studied, Le., fiom 80 K to 300 K. 

Earlier work on electton transport properties of metallic glasses (311 suggests a 

correlation between the characteristic temperature A (which is considered to be an 

indication of the interaction with the "Iattice vibration") and the Debye temperature 

B D :  an increase in BD corresponds to am increase in A. A plot of A against the 

kon content for the a-[F~Col-,]33.3Zr6667 system studied here is found in Fig. 3.16. 

Cleatly, the characteristic temperature A fluctuates about 220 K. The d u e s  of A 

compare well with the d u e  of BD for ( B r ,  = 210 K) given in Ref. [30]. Any 

dependence of A on the iron content of the ternary compounds is not obvious. The 

value of the parameter A is approltimately rtnity and does not show any dependence 

on the iron content of the samples. On the other hand, as ahown in Fig. 3.17, B 

seems to decrease as the amount of iron demeases. Mizutani [7] suggests that the 

parameter B is a h c t i o n  of the dectronic speafic heat coefficient, 7, and shows 

that B increases as the density of dates at EF increases - thus, indicating that a 

high density of dates involving the d-electrons is of importance. In fad,  the valaes 
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Temperature (K) 

Figure 3.15: Temperature dependence of the resistivity ratio for <r-Fe&ol-,Z~. The 
solid m e s  through the data points are the utponential fits to the data (see Eq. 
(3.10)). Note that the data have been shifted for darity. 
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0.2 0.4 0.6 0.8 1 
Fe Content (x) 

Figure 3.16: Plot of A versus iron content x for the FoCo-Zr glasses. Recd that 
A is a parameter of the exponential fit (set Eq. (3.10) in the turt). 
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Fe content (x) 

Figure 3.17: Plot of B versus iron content x for the FcCo-Zr glasses. R e d  that B 
is a paruneter of the exponential fit (set Eq. (3.10) in the text). 
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of B obtained here were of the same order of magnitude as those shown in Ref. [7]. 

The temperature coefficient of the resistivity, a, is yet another means of char- 

acterizhg metallic glasses. It is defined as (l/p)(dp/dT) £rom the dope of the p-T 

cuve in the range 200-300 K. A negative a has been observed in many non-magnetic 

metallic glassses [5,28]. In fact, a negative a and p(300 K) in the range 150-200 pS1 

cm are typical of many metal-metal m e t a h  glasses [5,7]. A plot of cr against the 

iron content of a-[Fe.Col-.]33.3Zrss.s is shown in Fig. 3.18. Indeed, as expected, a 

is negative for the met al-met al pseudo-binary system studied here. Futthemore, 

Fig. 3.18 indicates a d e c r e h g  tendency in la1 with increasing iron content x .  The 

observation that, as the cobalt content is increased, p increases (as shown in Fig. 

3.13) together with the increasingly more negative d u e s  of a (as shown in Fig. 

3.18) are consistent with the wd-known Mooij correlation [32] which states that for 

disordered systems containing d-electrons: (i) for p 2 150 pl2 cm, a is negative, and 

(ii) the larger the value of p,  the larger the value of lai. 
The electricd resistivity data of the crystalline Fe-Co-Zr system are displayed in 

Fig. 3.19. A (c - bT + aT2) - dependence similax to th& amorphous counterparts 

is evident. This suggests the possibility that the amorphous and crystalline systems 

share a cornmon scattering mechanism in this temperature range. This behaviour of 

the resistivity is atypical of most crystals. Figure 3.20 urplicitly shows the negative 

values of P obtained for the crystalline system. This nnexpected behaviow may 

indicate a heaviiy disordered crystabe stmctuxe and merits fnrther study. 
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""O 0.2 0.4 0.6 0.8 1 
Fe Content (x) 

Figure 3.18: Plot of the temperatare coefficient of resistivity, a, versus the iron 
content x for the Fe-CeZr glasses. Note that a is evaluated at 200 K. 
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100 200 
Temperature (K) 

Figure 3.19: Temperature dependence of the resistivity for C-FQCO~-.Z~~.  The solid 
m e s  are the quadratic fits to the data. 



Cha~tcr  3, Results and Discussion 

0.2 0.4 0.6 0.8 1 
Fe Content (x) 

Figure 3.20: Plot of the temperature coefficient of resistivity, a, versus the iron 
content x for c-Fe.Col-,Zr2. Note that a is evaluated at 200 K. 
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Conclusions 

L this thesis, the electronic contribution to the resistivity and its temperature de- 

pendence was investigated for amorphons and crystalline 

(O 5 x 5 1) alloys. 

As set out to do, samples of [ F ~ & O ~ - . ] ~ ~ . ~ Z S ~ ~ . . I  metallic glasses were prepared us- 

ing the single-roller melt-spinning technique and diaractexized by mesns of electron- 

microprobe analysis, X-ray diffraction, and differential scanning calorimetry. The 

amorphous samples were found to be chemically homogeneous, and fiee of crys- 

talline phases. Moreover, the first crystallization product for all the compositions 

was the fcc NiTi2-type structure as deeired. hthermore,  as the amount of cobalt 

was increased in the [Fe.C~i-,]&tr~.~ giasses, a s m d  inclease in T. (Le., stabil- 

ity) was observed. This is consistent with earlier observations [22] that the stability 

of a glass or its glass-forming ability increases with the atomic-size difference of its 

constituent elements - in this instance, the cobalt atom is slightly smder than the 

iron atorn. 

It has been proposed by Mizutani [7] that the p vs. T relation for glasses which 
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For the Fe-Co-Zr glasses studied hue, the exponential relation held w d  over the 

entire urperimental tempetature range (i.e., 80- 300 K). Values of the characteristic 

temperature A (believed to be related to the Debye tempetature B D )  were teasonable 

a9 compared with the value of Bo for a-Fe33Zrs7 ( d D  = 210 K) given in Ref. [30]. The 

parameter B (which is related to the electronic spefic  heat coefficient 7) decreased 

as the amount of iron in the amorphous samples inczeased. On the other hand, 

the parameter A was approximately unity and did not show any dependence on 

composition. 

The temperature coefficient of the resistivity, a, for the ternary glasses was 

negative (which is in accordance with ptevious work on similar systems [5,28]) and 

became increasingly negative with decreasing iton content. It was also observed that 

as the iron content increased, p(300 K) decreased. These observations are consistent 

with the weU-known Mooij correlation [32] for disordered systems containing d- 

electrons: (i) for p 2 150 p n  cm, a is negative, and (ii) the larger the value of p, 

the larger the value of (a(. 

The resistivity data for the crystalline Fe-Co-Zr system exhibited a quadratic 

temperature dependence of the fom: c - bT + aT2. In addition, the temperatare 

coefficient of the resistivity (a) was negative. This is atypicd of most crystals and 

may indicate a heavily disurdered crystalline system. 

Future work in this area wiU include a study of the spin fluctuation phenornenon 

present at low temperatures in iron containing $asses, superconducting properties 

and quantum corrections to the conductivity. A detailed cornparison between the 

electron transport properties in amorphous and erystalline systems with similsr 
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compositions will also be studied in an attempt to explain the unusual election 

transport properties of the crystallized alloys. 
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