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SUPERCONDUCTIVITY IN AMORPHOUS TRANSITION METALS 

Michael Moore Collver 

Inorganic Materials Research Division, Lawrence-Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineerin~;, 

University of California, Berkeley, Califor~ia 

- ABSTRACT 

Superconducting transition temperatures of vapor quench7d 4d and 

5d transition elements and alloys have been measured. Most of the T 
c 

structure associated with crystalline solid solution alloys (Matthias 

type curve) is absent in the disordered or 'amorphous' state. 
'. 

T has 
c 

been found to be a simple function of the number of electrons per atom 

rising to a single maximum near the middle of the d-series at e/a ~ 6.4 

and 6.8-7 for the 4d and 5d alloys, respectively. A strong correlation 

between T and the number of unpaired d-electrons in the atom exists. c 

The data is analyzed in terms of existing equations for the transition 

temperature where e~tensive used is made of the BLF(l) model relating 

the electron-phonon coupling parameter to the cohesive energy. 

Annealing studies of the films vrere also made which included 

monitoring of specimen resistance to 350°K, remeasurement of T after c 

heating, high temperature annealing (500-ll00°K) and electron microscopy. 

Alloy films exhibiting a sharp decrease in resistance withina narrow 

temperature range during heat.ing had Tc 's (after annealing) approaching 

that or equal to that .of corresponding bulk crystalline material. 

Electron diffraction and microscopy of the untransformed films <femon-

strated the absence of grains down to l0-15A in diameter. A discussion 

' of the stability of the 'amorphous' structure is given and an irreversible 

phase diagr8.m is presented. 
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I. INTRODUCTION 

This thesis is concerned with the novel findings regarding the 

superconducting behavior of transition metals prepared in a highly 

disordered state by vapor deposition, and represents the first sys-

tematic study of the_ superconductivity, or any electronic property, of 

amorphous transition metals. While the electronic properties of crystal-

line transition metals (TM) are inadequately understood it may legiti-

mately be asked why one should chose to make matters more co~plex by 

introducing disorder. Initially this work was motivated by theoretical 
I 

predictions(2 ) that superconducting transition temperatures could be 

considerably enhanced in disordered materials through an alteration·of 

the phonon spectrum. It gradually became apparent that when the many 

effects attributed to crystallinity and long range order are eliminated, 

1 

one can perhaps observe the properties of atoms in greater relief. 

That this appears to be the case is borne out by the results presented 

here. In fact the striking correlation between the superconducting 

transition temperature and the atomic properties (as well as many bulk 

crystalline properties) may provide a useful tool to understanding 

transition metals, in the crystalline as well as the amorphous state. 

The research results presen~ed here were stimulated initially by 

our previous data( 3) and later that of Gamble and Geballe( 4) which sug-

gested that the superconducting transition temperature, T , may be a c 

fairly smooth function of the number of electrons per atom, e/a. Such a 

behavior would be in contrast to the very strong variation of the transi-

tion temperature with e/a for bulk crystalline transition metals. The 

crystalline T data for soiid·solution alloys of the 4d and 5d 
c 

transition metals, often referred to as a Matthias type curve, are 



-2-

shown in Figs. 1 and 2, with peaks in T occurring at e/a- 4.7 and 
c 

- 6.7.( 5) The absence of a second peak in 3d alloys is attributed 

to the occurrence of magnetism. A similar critical temperature 

behavior is observed for A-15- compounds (peaks at 4.7 and 6.5 e/a) 

and a-phase cpmpounds (a single peak at - 6.9 e/a). (6) 

Our theoretical understanding of superconductivity, as well 

as normal state properties~ of transition metals is limited at present 

due to'an incomplete understanding of the behavior of electrons in 

relatively narrow d-bands overlapping the broad conduction s-band. 

The d-electrons·tend to be more localized about the ion cores than 

the sp electrons. This increased localizatio~ due to the strong 

atomic potential, introduces quite strong electron-electron interactions 

when two or more electrons are present on the same ionic site. The 

strong_Coulomb repulsion present between d-electrons in the free 

atom is significantly reduced by screening of other electrons in 

the solid state. The dynamics of- this screening is not fully 

understood and results iri' electron-electron correla;tion effects which 

must be, but have not yet been included in a quantitative discussion 

of TM superconductivity. In addition the band structure of TM is 

complicated and is not reduced to second order significance as in 

sp metals where weak ionic pseudo:potentials are utilized. --With these 

difficulties one is at present compelled to rely on existing models 

which do not take these effects into account in a more realistic 

manner. 

The superconducting transition temperature, Tc' is related to 

many-normal state properties including the electronic density of 

states and the phonon spectrum~ More recently the cohesive energy 

•I 
• I" 

.• 
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Fig. l. T for crystalline ,4d transition metal ~lements and 
solia solution alloys.(5) 
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has been shown to be related to T through the strength of the 
c 

electron-phonon couplin~ parameter. (l) These relations are developed 

in Section IV and applied to superconductivity in crystalline transition 

metals. Relationships between T for the amorphous alloys and elements· 
c 

and the above quantities will be used in an attempt to understand the 

experimental results of this thesis (Section V). The lack of knowledge 

regarding the electronic properties of the disordered state is the 

driving force for simplifying assumptions. 

Before proceeding, it is appropriate to give some idea of what 

is meant by the term amorphous metal. A variety of other terms have 

been used in place of the word amorphous, including lack of long range 

order, the presence of only short range order, a completely random 

distribution of atoms with a statistical spread in interatomic spacing 

and orientation, or a collection of small ordered units randomly 

oriented with respect to each other. In many theoretical formulations 

of amorphous structures the interatomic separation and/or the atomic 

potential is treated as a random variable within certain limits. 
' I 

However for present purposes the best definition of amorphous is that 

which is due to the existing experimental limitations. This definition 

depends upon the technique employed to examine the structure; these 

techniques include x-ray and electron diffraction, and electron micro-

scopy. Field ion microscopy has not yet been employed, as far as the 

author is aware, althOUgh it would seem to be an excellent tool for 

understanding the amorphous structure. Diffraction patterns of amorphous 
'· 

.materials usually exhibit·two to four -'broad diffraction halos and give 

information concerning the average number of nearest neighbors about 

an atom and their average separation. Electron microscopy provides 
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the result that any crystalline grains, if present at all, are less than 

10 to 15A in diameter. Amorphous in this thesis shall imply liquid-

like diffraction patterns accompanied with a failure to observe grains 

with high resolution microscopy. 

Amorphous materials are prepared under conditions that seek to 

kinetically prevent the formation of the thermodynamically stable struc-

ture. All preparation techniques accomplish this by restricting the 

ability of atoms t~ diffuse; the most common of these being some form 

of rapid temperature quenching from a state of higher entropy i.e. a 

liquid or gas phase. Another technique, which often occurs inadvert-

ently, is the introduction of impurities, especially gases. The pres-

ence of other metals can also significantly hinder diffusion and is 

evidenced by higher temperatures
1 ne~essary to b;ing about the amorphous 

to crystalline transformation. In this stpdy the amorphous structures 
/1 . 

were prepared by vapor deposition onto a liquid helium cooled substrate. 

In the many alloy systems explored the formation of the amorphous 

structure was aided by the condensation of two elements. Condensation 
: . . 

from the vapor state is probably the most rapid form of quenching, even 

though the heat of vaporization must be dissipated and not just the.much 

smaller heat of fusion as required by quenching from the liquid state. 

Evidence of this exists from a failure to obtain an amorphous structure 

by liquid quenching of similar alloy systems, while it is readily accom-

plished by vapor condensation, especially in metals. The total heat 

content of a film need not be removed all at once since the amorphous 

material is gradually built up as a function of time. Furthermore the 

, liquid state already involves a considerable degree of order not present 

in the vapor. The experimental apparatus and technique .used for prepar-

ing and· measuring the properties of these materials is presented neXt (II). 

'i' .. ~ 
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II. EXPERIMENTAL PROCEDURE AND APPARATUS 

A brief description of the experimental procedure is given for 

the reader less interested in all the details. This is followed by a 

detailed description of the materials, apparatus and procedure in all 

phases of the study of these films. 

Amorphous transition metal films were prepared by electron beam 

evaporation of an alloy slug. The atomic beam was allowed to pass 

through a series of shutters for a fixed time and deposit upon a 

liquid helium cooled (4.2°K) sapphire substrate. The essential com-

ponents are indicated schematically in Fig. 3. Deposition took place 

in a vacuum of 1-4 x 10-7 torr and at rates between 50-200 A/sec. The 

critical temperatures of the deposited film;; were determined bythe resist-

ance method while the substrate temperature was controlled by pumping on 

liquid He (for T 1 s between l. 7 and 4. 2°K) or by warming (T 1 s > 4 .2°K). 
c c , 

Two different warming techniques were employed; use of a tungsten fila-

ment heater while liquid He was still present (T 1 s between 4.2 and 
c 

- 5.2°K) and by allowing the substrate to warm slowly in the absence of 

liquid helium (T 1s > 5.2°K). After measuring T the films were heated 
c c 

in ~to 300-350°K at a rate between 2-4°K/min. The resistance of 

each specimen was monitored during this annealing and was followed by 

a remeasurement of T . The system was again brought to room temperature 
c 

and the specimens removed for eleii!tron microprobe analysis to deter-

mine-film composition, followed by electron diffraction and microscopy 

to determine crystal structure and other properties such as grain size 

and orientation. 

Several exceptions to the above procedure were made. In the 

case of Y-Zr films, two sources were employed rather than evaporation 
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from a single alloy because of the large difference in vapor pressure. 

The Y was evaporated from a tungsten crucible heated by electron beam 

bombardment from a tungsten filament, while the Zr was electron beam 

evaporated. 

A. Materials 

The nominal purity, major impurities, and magnetic impurities 

(Cr, Mn, Fe, Co, Ni) of all elements used in this study, as specified 

by the supplier, are tabulated in Table I. Prior to preparing the 

alloys, the elements were etched in ·an acid solution to remove 

impurities introduced by handling and cutting. 

Alloy slugs were prepared from weighed constituents either by 

arc melting in an argon atmosphere or electron beam melting in a 10-7 

torr vacuum. In the latter case the slugs were turned over several 

times and remelted to attain homogeneity. The slugs were approximately 

1.5 em. in diameter for most alloys and - 1 em. diameter for the more 

costly elements and alloys (the costlier elements were successively 

diluted). 

B. Substrate Preparation and Mounting 

Most of the films were deposited upon Z cut single crystal 

sapphire substrates (I" x ~ 11 x Ii 11
). Occasionally films were 

prepared on fused quartz substrates, and quartz with a layer of LiF 

to determine if the critical temperature was related to the particular 

substrate used. 
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Sapphire substrates were first cleaned by ultrasonic vibration 

in a soap (Teepol) solution and then placed in aqua regia a~ room 

temperature. This process was reversed when it was desired to remove 

previously deposited metal films. In some cases dilute HF was required 

to remove the films. Each substrate was then placed in a boiling 50:50 

by volume H2 0: ~02 solution for ·15 minutes followed· by a final treat

ment in boiling distilled water. 

In the initial stages of the experimental work, gold.electrical 

contacts were predeposited on the substrate which was mounted in a 

suitable mask that could be rotated. Later·, contacts were prepared .. · 

by spraying or painting an emulsion containing silver.and driving off 

the volatile organic constituents by heating. 

The substrate was then mounted in an oxidized aluminum holder 

and clamped directly against the bottom of the liquid helium 

cooled copper box. To assure good contact between the substrate and 

. 3 " 3 " the, copper box a 5 mil thick strip of indium(- 4 x B ) was pressed 

against the back of the· sapphire prior to clamping. Pressure was 
/ 

maintained between the substrate and liquid He cooled Cu box by spring 

loading the strong stainless steel forked clamp that supported 

the holder. The aluminum mask allowed for five separate samples. 
\ 

C. Vacuum Chamber and System 

A schematic of the vacuum system is shown in Fig. 4. The 

vacuum chamber was a water cooled stai:pless steel cylinder three feet 

long and three feet in diameter, The cryostat upon which the 

substrate was mounted hung through.a 10" diameter hole in the top 

,, 

-'" :./, 

I. 
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of the chamber. A typical outgassing of the chamber was done prior 

to each run and consisted of cycling water (at 90°C) through the 

external stainless steel coils for 'approximately 12 hours while pulling 

a vacuum on the chamber. Pump±ng was done by a liquid nitrogen baffled 

12" oil diffusion pump (Norton VHS-10) backed by a Kinney (KD-130) 

mechanical pump. With this procedure alone a pressure of - 5 X 10-7 

torr was achieved. A further improvement in the vacuum to - 6 X 10"""
8 

torr was attained via cryopumping and titanium gettering. Cryopumpcbng 

was accomplished by pumping liquid nitrogen through the coils of a 
1 II . . .. · 

stainless steel wall (lb thick) mounted near the rear of the chamber; 

some additional cryopumping occurred on the LN
2 

jacket of the He devar. 

The titanium was evaporated from an electron beam gun onto the cold wall 

therby maintaining a reactive surface. The system pressure was 

measured by a VEECO RG11..:.6 ion gauge located near the top of the. 

chamber. 

Controlled quantities of gas (o
2

, Xe) we11e admitted to the vacuum 

chamber to study the effects of various contaminants. The gas was 

passed through a copper coil cooled by a dry ice and acetone mixture 

prior to going into the chamber (via copper tubing) in order to trap 

any residual water. 

D. Cryostat and Radiation Shielding 

The cryostat used the conventional principle of an outer 

liquid nitrogen cooled radiation shield made of copper surrounding 

an inner liquid helium container, made of stainless steeL The 

bottoniof the dewar was removed and a stainless steelbox 
1 . . . . . 1 11 

(lt·'' x 2 11 x 1-") with a bottom plate of OFHC copper (o thick) was 
2 . 0 
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heliarced .to it. It wa,a this copper plate to which the substrate was 

clamped. 

In order to shield both the liquid He cooled box and the sub-

strate adequately from the source radiation and heat of condensation of 

the incident atom flux, a larger Cu box was placed around the liquid He 

cooled box and clamped into thermal contact with the LN
2 

jacket of 

the He dewar. In addition, on a separate mounting structure a water 

cooled Cu plate ~as positioned directly under the LN
2 

cooled Cu box. 

This plate shielded the entire dewar structure from the source. The 

incident beam reached the substrate by passing through a seri-es of 

shutters (3), one mounted on the specimen holder which defines the 

specimen dimensions, one mounted on the LN2 cooled box, and a final 

tungsten shutter on the water cooled plate. 

E. Evaporation Sources and Deposition Procedure 

Materials to be evaporated were held in water cooled copper 

crucibles and electron beam heated by Temescal 180° magnetic deflection 

electron beam guns operated at l0.4KV. One of the chamber's three 

evaporation sources was mounted below the cry;ostat leaving four inches 

between the vapor source and the substrate. This source had a 

rotatable crucible with six pockets so more than one alloy composition 

could be evaporated during a single run. Contamination of one alloy 

by another during evaporatmon was prevented by a water cooled copper 

shield covering all pockets except the one from which the alloy was 

being evaporated. 

The rate of deposition was monitored by and controlled to within 

2% by an Allen-Jones Mark I ion gauge type rate monitor. A preset 

rate was maintained through a feedback loop which modulated both 
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the electron beam gun filament current and the amplitude of variation 

of the current in the deflection magnet windings of the electron beam 

gun. Modulation of the gun filament current influenced the total power 

applied to the evaporating material; modulation of variation in the 

magnetic field (about some mean value) of the deflection magnets 

influenced the average power density i.e. it changed the average area 

of the electron beam incident upon the alloy slug being evaporated. 

The latter control had a much shorter response time~than the former 

and was needed to reduce short time variations in rate. The filament 

current modulation was effective in preventing long time variations, 

such as drift due to the decreasing size of the slug or any large 

displacements of the molten alloy during depositon. 

I , ' 

To convert the.reading of the rate monitor from arbitrary units 

to a more useful value, such as A/sec., the monitor had tb be calibrated 

for each geometry and element used. 

F. Temperature Measurement and .Control 

The low temperatures, between 1.7 and 25°K, were measured using 

a factory calibrated germanium thermometer (Texas Instruments:, Inc.) 

located next to the substrate position on the Cu bottom of the liquid 

He box (See Fig. 3) .' The Ge thermometer was thermally anchored to 

the edge of the 4.2°K copper plate by placing its two leads through 

two holes in the plate and soldering one lead with low melting point 

(170°F) solder'(Cerrobend 170) and potting the other lead with General 

Electric 7031 electrically insulating varnish. To protect against 

radiation the thermometer was surrounded by a small copper box which 

was itself fastened through an indium gasket to the 4.2°K copper plate. 

To minimize heat leakage by conduction the copper wire leads to the 

'' 

f. ~· 

'. 
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thermometer were wound several times around the thermometers' protective 

Cu box and secured there with GE 7031 varnish. Also several inches of 

low thermal conductivity wire (#36 Manganin) were included in the 

otherwise copper leads. Temperature measurements during annealing 

(20°- 350°K) were made with a Au(.07 at% Fe) - Chromel thermocouple 

also attached next to the substrate on the 4. 2°K box. This thermo-

couple; calibrated by-the germanium thermometer in the temperature 

range 1. 7 to 20°K, was capable of measuring critical temperatures to 

within ±.06°K and was used as a standby in case of electrical failure 

of the germanium thermometer .. To prevent accidental breakage and to 

maintain both wires at the same temperature throughout their length, 

the thermocouple was enclosed in a copper tube that was clamped to the 

liquid nitrogen jacket of the He dewar. The tubing and thermocouple 

extended from the 4.2°K box, passed out of the vacuum chamber through 

a standard thermocouple feedthrough, to the liquid nitroge~ reference 

bath where copper leads were connected to both wi~es. The output 

voltage was read on a Hewlett Packard de differential voltmeter 

(model 3420A) .. 

G. Electrical Measurements 

A schematic of the circuits for measuring the Ge thermometer and 

specimen resistances is shown in Fig. 5· Contact was made with each 

of the gold or silver contacts on the subst:Fate with a platinum tipped 

spring loaded phosphor bronze wire. The phosphor bronze wires were 

held in position by insulating alumina strips which were in turn 

fitted into slots in the aluminum substrate holder. Manganin (#36) 

wire current and voltage leads were attached to the ends of the 

phosphor bronze wires providing pseudo four point contacts. Between 
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the phosphor bronze wires and the plug on the 77°K Cu box, the leads 

were thermally anchored to the 4°K bottom plate with GE 7031 varnish 

and a tight fitting teflon strap. 

The rest of the circuit in which copper wiring was used is 

adequately described by the schematic. The sample measuring current 

was 0.5 lJamp de in most cases with provisions for .1 and 1 ma. The 

current direction could be manually reversed to eliminate the effects 

of any spurious emfs. The sample voltage was measured with an 

Astrodata (Model 121 RZ) nanovoltmeter whose output was displayed on 

theY axis of an Electro Instruments X-Y Recorder (Model 520). The 

thermometer measuring current was llJa de, and the output voltage was 

displayed directly on the X-axis of the X-Y recorder. This axis was 

calibrated in terms of resistance by displaying the voltage across 

standard resistors in series with the thermometer and the constant 

measuring current supply. 

H. Composition of Alloys 

I 

The com~osition of the binary alloy films (- 500 - 1200 A thick) 

was determined by electron microprobe analysis. To do this accurately 

for thin f~lms requires a calibration of the microprobe as a function 

of thickness for each 'of the elements in the alloy. In addition, a 

lower accelerating voltage of the electrons is necessary in order-to 

maximize .the electron's energy loss in traversing the film. This 

results in a greater production of detectable x-rays and thereby de-

creases the statistical error. associated with the number of detected 

counts (a _l_ ) . 
IN 

The normalized (to bulk or infinite thickness) x-~ay intensity 

versus film thickness for 4 and 5d transition metal elements·is 
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shown in Figs. 6 and 7 for accelerating voltages of' 10 and 15 kv:. 

The element films were prepared by vapor deposition on sapphire ~ub

strates. They were subsequently microprobed and their thickness was 

determined mechanically by a Clevite-Surfanalyzer 150 and optically 

with a Varian A-scope multiple beam interferometer. 

To determine composition one measures the intensity ratios 

IA(xA)/IA(=j and IB(xB)/IB(oo) from microprobing the alloy film and 

then obtains a thickness-for e~ch element, xA and K:s, from the 

calibration curves (Figs. 6 and 7): These thicknesses represent the 

effective thickness that each element contributes to the film and 

their sum is very nearly equal to themeasured film thickness. Fll0I11 

these thicknesses the mass of each element present in the film is 

given by mA = pA ~A A and~ =-pB XB A where A is the surface area 

of the film. The rt3,tio .of masses of elements A and .B is then 

(II. 1) 

(JI> 2) 

In terms-of atomic fractions, n,, w~ need only_divide_each P.x. by the 
.._ ~ . ~ -~ 

atomic mass Mi for each constituent in the film, 

= (II. 3) 

.. 
·'· 

' ' 
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--10 KV La-
---15 KV La 

1000 0 2000 3000 
THICKNESS, x (A) 

XBL 719-7 274 

Fig.- 6. Electron microprobe calibration resUlts of 
normalized x-ray intensity, I(x)/I(oo) versus film 
thickness, x, for the 4d elements. 
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Fig. 7. Electron microprobe calibration results of 
normalized x-ray intensity, I(x)/I(oo), versus film 
thickness, x, for the 5d elements. 
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Several effects are not included in the above determination of 

film composition. The correction for the mutual and self-absorption 

of x-radiation by the elements in the alloy could be neglected because 

of the small mass absorption co~fficients for'the chosen x-ray lines, 

resulting in errors estimated at less than 2 at.%. This estimate is 

taken from corrections for bulk alloys. It is well known that films 

have a density lower than that of bulk alloys, usually on the order 

of < 5%. The correction introduced by this consideration tends to 

cancel in the calculation of nA·since the density of both elements 

would be less and from the fact that the calibrated curves were ob-

tained from films with low densities. 

Considering the experimental errors in the calibration curves, 

due to film thickness measurements, it is estimated that the com-

position is determined to an accuracy of ± 4 atomic percent. Com-

parison of T of fully annealed films with that of the crystalline 
c 

alloy (bulk) provides a check on the microprobe determined composition; 

the agreement is noted to be much better than ± 5 at.% and never worse. 

I. Electron Diffr~tion and Microscopy 

Specimens to be observed with the electron microscope (Hitachi 

HU-125) were prepared by peeling pieces of the film from the sapphire 

substrate. This was done with cellulose acetate strips, dipped in 

acetone, and placed on the metal film. After the acetone evaporated 

the cellulose acetate strips could be peeled from the substrate, 

removing pieces of film with it. The strips were dissolved away in 

acetone and the specimens were removed to distilled water where the 

surface tension caused the films to·unfold. Samples were then obtained 

by picking up pieces of the unfolded film with 200 mesh copper or 
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nickel grids. 

The Hitachi HU-125 is provided with a hot stage capable of heat-

ing specimens to 800°C. The specimen however is not in direct contact 

with the surface to which the thermocouple is attached. It is possible 

that a specimen in poor thermal contact with the grid may achieve 

temperatures in excess of that measured by the thermocouple due to 

direct heating by the electron beam. This problem was eliminated by 

confining the specimen between two grids, assuring good thermal contact. 

When heating to temperatures in excess of 500-600°C the specimen was 

mounted on a platinium wire. grid to prevent oxide formation on copper 
! 

grids, and the deleterious effects associated with it (surface 

charging on oxide and poor thermal contact). Hot stage electron 

microscopy work was not feasible because of oxidation problems in 

. -5 -4 . . 
thin films at a pressure between 5 x 10 and 10 torr. Considerable 

difficultywas also encountered due to motion of hot stage durin~ 

heating and the rather rapid accumulation of carbon deposit upon the 

film. Consequently another approach was taken, that of heating in a 

better vacuum (lo-7 torr) for short periods of .time and making sub-

sequent observations on the electron microscope'. In this manner the 

transformation temperature could be determined and various stages of 

the transformation observed. 

Considerable effort was expended determining the smallest 

resolvable grain size that could be observed in a film - 6ooA thick. 

It is generally felt that grains on the order of loA can be seen in 

an extremely thin ("':" lOoA) film. However with thicker films there is 

considerable loss of contrast when the beam must penetrate other 

grains, especiably in a highly strained material~ For this purpose 

• 

r;, .. 
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ruthenium films were used since initial dark field microscopy indicated · 

grain sizes less than 75A. The smallest measured grain size observed 

in ruthenium films was 2oA. Smaller grains, say loA, if present woUld 

have been blurred and appeared larger because of loss of contrast and 

any deviation from the prime focusing condition. 



Table I. Impurities 

Element Nominal Major ~etallic Impurities Magnetic Impurit'ies (ppm) Gas Impurities (ppm) Source 
Purity (ppm) Cr Mn Fe Co Ni c H 0 N 

( 
Zr-20; Hf-12; Mo-< 5; 

Ti 99.97 Al-15; Mg-< 15; Cu-8 25 1.2 50 .4 5 7.8 4 63 6 MRC 

v 99.98 Pd-15; W-7; Ti-6 <. 3 <.15 20 <.2 12 57 3 112 3 MRC 

Cr 99.996 Zn-< 3; Cl-10; S-2 - <1 10 <.3 <:'1 6 <.1 7 1.3 MRC 

y 99.9 Research, Inc. 
I 

1\) 

+="" 
I 

Zr 99.98 Hf-40; Ti-l; Si-1.5 • 5 <. 03 30 <.01 1.5 6 3 125 2 MRC 

Nb 99.98 Ta.-100; W-6.4. .05 .··. .03 .12 <.01 .15 8 .4 4 23 MRC 

Mo 99.992 W-50; Ta-2; Nb-1 .1 .06 12 <~·r .1 10 .9 4.3 • 5 MRC 

Ru 99.9 
powders 

99.99 MRC 

Hf 98.5 Zr-3 wt.%; Ta.-30; Nb-30; 10 20 50 5 10 15 2 10 10 ROC/RIC 
Ti-10; W...:lO; V-5; Al;.;.2o; 
Si-20; Ca-10; Sn-10 

w 99.999 Ta-5 <10-3 ,• 03 .. 01 .1 
I 

<2XlQ-3 5 .1 .8 .1 MRC 

,. 

'Y 'ts· .,. · •: ..... '" ·. ...t-,:.:-... 
),_ ,,.· 

:;~ ~~~~"(.' -~jp - ...... .-~ 



Element Nominal 
Purity 

Re 99.996 

Ir 99.99 

Ta 99.996 

• 
; 

Major Metallic Impurities 
(ppm) 

W-12; Mo-4; Ta-3; Nb-1.2 

pt-2o'; Pd-10; Rh-10; 
Ru-1; Cu-5; Si-5 

Nb-25; W-12 

Table I. , continued 

Magnetic Impurities (ppm) 
Cr Mn Fe Co Ni 

.08 .015 3 .06 .3 

- - 5 - 5 

• 2 .01 .3 . 3 1.5 

.. 

Gas Impuri~ies (ppm) Source .. 
c H 0 N 

5 .2 .5 1 MRC 

20 <2 10 5 MRC 

10 <.1 3.5 2.3 MRC 

I 
1\) 
\.n 
I 

C:. 

~- .. . 
..!"~ 
'!!::,.-~ 

c. 
;;;,.~ -
...... ., .. 

O· 
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r._ 
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' 
III. RESULTS 

Table II cond~nses Tc results, composition, annealing data and 

a brief description of electrqn-diffraction and microscopy results for 

all films presented in this thesis. 

A. 4d Transition Metal Films 

The critical temperatures of 4d transition metal alloy films in 

the as deposited state are shown in Fig. 8. The dashed curve in this 

figure represents the characteristic T behavior for the same alloys 
c 

in the bulk solid solution crystalline state. The primary features 

of the 4d-data are that T varies as a function of electron to atom 
c 

ratio (e/a) in a smooth, nearly linear fashion to a rather definite 

triangular pe~k, then decreases at about the same rate, followed by a 
i 

more rapid decrease. The peak occurs at e/a = 6.37 to 6.40. There is 

also an indication of a more rapid decrease in T for Y-Zr alloys. c 

These are the features to be explained by any theoretical model. 

This smooth variation in T for the amorphous TM alloys is in 
c 

marked contrast to the familiar Matthias type cu:;-ve for crystalline 

solid solution alloys {Figs. 1-2). Most noticeable in the case of the 

"amorphous" data are absence of the peak .in Tc between Nb and Zr, and 

the valley between Nb and MO. It is also noted that this smooth 

behavior in Tc extends across regions in the binary systems Y-Zr, Zr-Nb, 

Zr-Mo and Mo-Ru,{ 7) that are multiphase in equilibrium alloys. 

There may be some resi~ual orderly structure in the amorphous 

-
alloys near Nb. The evidence for this latter possibility is that the 

scatter in T data is in all cases toward the crystalline T values 
C. C 

where.· it deviates from the straight line. ··. 

.. 

i .... 
. ' 
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Fig. 8. Superconducting tr&nsition temperatures of the 
as-deposited vapor quenched 4d transition metal films 
versus the number of electrons per atom. 
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After annealing at 300-350°K, the critical temperatures tended 

in general to return to that of the bulk crystalline state, as shown 

in Fig. 9. 
/ 

The amorphous T data is indicated by a dashed curve in the 
c 

figure for reference. Many of the superconducting transition tempera-

tures of the films are considerably broadened, possibly indicating 

incomplete annealing, the effect of varying grain sizes or gaseous 

impurities (later shown to have more of an effect in the crystalline 

than in the amorphous state). A few specimens exhibited eifher no 

change or a decrease in T away from the crystalline T curve. The c c 

above behavior correlated in a reasonably consistent manner with 

resistance versus temperature data and with the electron diffraction and 

microscopy observations of the films after removal from the vacuum 

chamber. 

The films whose T after annealing returned to or toward the c 

crystalline value exhibited a sharp resistance decrease within a 

relatively narrow temperature range (- 10°), suggestive of a phase 
-' 

transformation. Each of these films had crystalline diffraction pat-

terns with grain sizes ranging from$ 8oA to 200~ at room temperature. 

Many specimens were found having liquid-like or amorphous dif-

fraction patterns; these are indicated by arrows in Fig. 9. Electron 

microscopy results placed an upper limit of - 15A for any grains if 

present. With the exception of the Y-Zr alloys, each of these had 

either no change or a decrease in T away from the crystalline data. c 

rt· is noted that all of these films had a negative temperature coef-

ficient of resistance (TCR) and all have compositions within a two-

phase region of the equilibrium phase diagram. Evidently some change 

had taken place in most,·~ :tf not all, of these films during warming; 

'· 
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Zr Nb Mo (Tc) Ru 
XBL7010-4020 

Fig. 9. Superconducting transition temperatures of the 
· annealed (to 300°K) 4d transition metal films versus 

the number of electrons per atom. 
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this was indicated by the changes observed in T , and by resistance 
c 

versus temperature data. In some cases, very small but distinct steps 

occur in the R-T curves, and a few exhibited a less negative TCR in 

the range 4 to 300°K after warming to 300°K. 

More detailed descriptions of the annealing data, electron 

diffraction and microscopy results will be presented for the individual 

alloy systems. 

l. Yttrium-Zirconium 

Yttrium and zirconium form a eutectic system with rather limited 

solubilities; the atomic size ratio, rZr/rY, is 1.12. Electron 

diffraction revealed that the films, varying from 12 to 43 at. % Y, 
! 

were 'amorphous' at room temperature. Although very little decrease 

in T occurred after'warming to 300°K some distinct small changes in 
c 

resistance did occur as shown in Fig. 10, followed by a negative TCR. 

The cause of these small resistance changes is unknoWn, but may have 

resulted from a slight reordering of atomic po~itions. It was noted 

that. the negative TCR was linearly proportional to the films' resistance. 

The negative TCR behavior may be associated with the presence of an 

oxide within the film, or may be due to the difference in thermal 

expansion coefficients of substrate and film, in which the strain has 

not been relieved via crystallization. 

2. Niobium-Zirconium 

Niobium forms a continuous solid solution with zirconium at high 

temperatures, where Zr is bee. This structure is often retained even 

with slow cooling. The bee phase was observed in all films which 

exhibited an abrupt decrease in resistance upon warming i.e., those 

;· 
'· 

.~ 
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Fig. 10. Specimen resistance versus 
temperature of Y-Zr films. 
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having a Zr content less than- 25 at.%. The temperature at which the 

change in resistance occurred, T , increased with increasing Zr ann. , · 

content as shown in Fig. ll(a). It is believed that the bee structure 

would also be observed for more concentrated alloys had the heating 

been taken to higher temperatures. The resistance change upon annealing, 

represented by the ratio R(deposited)/R(annealed), is presented in 

Fig. ll(b) as a function of composition. The peaked l;lehavior of the 

resistance ratio and its rapid decrease which occurs near the limit 
' . . 

of low temperature solid solubility are also observed in other binary 

systems. 

Grain size distribution measurements indicated that larger grains 

are formed at the higher annealing temperatures. The distributions 

showed that the majority of grains observed were less than 25oA in all 

films; grains less than 5oA could not be observed in the electron 

micrographs examined. Assuming that the number of smaller grains 

(< 5oA) that could not be observed was negligible, an average grain 

size was calculated from the distribution measurements. This average 

grain size is shown as a function of T in Fig. 12. The samples ann. 

with larger T also exhibit less diffuse an.d more s. potty diffraction · ann. 

rings with larger gaps than the lower T films, in agreement with ann. . 

measured grain sizes. 

Some difficulty was encountered iri explainingthe decrease in 

the resistance ratio when the grain size was increasing. However, the 

increased Zr concentration is sufficient to account for this decrease 

because of the greater impurity scattering contribution. Pure zirconium 

and a zr.
98

Nb. 02 film exhibit only a gradual change in resistence upon 

warming. Yet a two phase structure, one hcp and the other unidentified, , .. 
.' 

!.' ,. 
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Fig. 12. The annealing or 'transformation temperature 
versus the resulting average grain size acquired 
during the transformation. 
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was observed in the Zr film with grain sizes from< 7~ to several 

thousand angstroms. This suggested that they may not have been deposited 

in an amorphous but rather in a microcrystalline state. An irreversible 

increase in the resistance of the Zr film occurred beginning at- 260°K 

~nd extended to the highest temperature attained~ - 365°K. Assuming 

Zr was deposited in the form of a small grained crystalline structure~ 

the resistance increase may have been associated with the gradual 

transformation to a.-Zr(hcp)~ resulting in an even finer grained two 

phase microstructure. The dilute alloy~ zr. 98Nb. 02 ~ had no increase 

in resistance as a function of temperature; its resistance decreased 

by about 1% upon warming and was 5% less than the as deposited value 

when recooled to 4°K. No diffraction data are available for this film. 

However~ the presence of 2 at % Nb may have been sufficient to prevent 

the transformation to a two phase structure. The smaller decrease in 

Tc for this film compared to that of Zr provided circumstantial 

evidence for the above hypothesis. 

3. Molybdenum-Ruthenium 

The Mo-Ru phase diagram is shown in Fig. 13 superimposed on the 

annealing temperature (a) and the resistance ratio (b) as a function 

of composition. The behavior of T . and Rd /R is similar to ann. ep. ann. 

that of Nb-Zr alloys- the annealing temperature increased rapidly with 

increasing solute concentration and the resistance ratio exhibited a 

maximum followed by a rapid decrease. Amorphous electron diffraction 

patterns were observed for the films having compositions within the 

two phase region. 

; ... i: 
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The usual resistance decrease associated with the amorphous to 

crystalline transformation was not observed for Ru rich alloys until 

a composition of 25 at. % Mo was reached. This is a good example of 

the difficulty experienced in attaining an 'amorphous' structure in 

dilute alloys of hcp and fcc elements. Even at the 25 at. % Mo the 

amorphous structure was so unstable that the transformation occurred 

at 30°K. The annealing behavior of Ru rich alloys with progressively 

increasing quantities of Mo can be interpreted in terms of combinations 

of electron-phonon scattering, interstitial-vacancy recombination and 

impurity scattering. Figure 14 illustrates the annealing data fo~ 

different Mo concentrations. Assuming Ru and the dilute alloys of 

Ru (< 25 at. % Mo) are crystalline in the deposited state (based on 

lack of a sharp resistance decrease upon annealing the the crystalline 

diffraction patterns observed after removal from the system), the 

annealing curves would be expected to consist of two different tempera-

ture dependent terms: 

(i) increase in R with increasing T due to electron-

phonon scattering in small crystallites (< 80 - 2006A 

in Ru) 

(ii) decrease in R due to annealing out of point defects, 

the most important being interstitial-vacancy recom-

bination which commonly occurs at low te~peratures in 

irradiated metals. 

In the case of Ru (0 and 3 at % Mo) the former is larger, as is borne 

out by the annealing curve (a). The increased slope after annealing 

reflects the even more dominant electron-phonon scattering mechanism 

after the irreversible interstitial-vacancy recombination had occurred. 

II 
'i'• 
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Fig. 14(a)-(d). Resistance versus temperature. 
for Mo-Ru alloys :illustrating :the 
different behavior associated with 
postulated scattering mechanisms .. 
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An increase in Mo concentration can have several effects, including 

the creation of more defects, an increase in the likelihood of attaining 

the amorphous state, and an increase in impurity scattering. The latter 

aids in masking the electron-phonon contribution. As a consequence, 

the initial slope during annealing of Ru.
90

Mo.lO. is negative, indicating 

the dominance of defect removal (most probably I-V recombination) over 

electron phonon scattering. 

With a flirther increase in Mo content, a large resistance decrease 

characteristic of the amorphous to crystalline transformation was 

observed in Ru.
75

Mo.
25

{c). Amorphous Mo-Ru films were observed at 

room temperature in the 50 at % Mo alloy (d). 

Accurate grain size distributions of the annealed Mo-rich bee 

alloys could not be measured and compared with T because of the ann. 

very small grain sizes. Nevertheless the crystalline diffraction 

patterns exhibited more diffuse rings with less lacunarity than Nb-Zr 

films, indicating the presence of smaller grains in Mo-Ru (bee) alloys. 

This is consistent with the smaller resistance changes measured in 

Mo-Ru alloys (compared to Nb-Zr alloys). 

4. Niobium-Molybdenum 

Niobium and molybdenum form a complete solid solution. This 

fact apparently ac~ounts for the ··low annealing temperatures observed 

for all alloys of this system (all less than about 80°K and all at very 

nearly the same temperature) as well as the small resistance changes 

compared to other bee alloys. All films had bee diffraction patterns 

at 300°K, with diffuse diffraction rings indicating a rather small 

grain size. Observation by electron microscopy confirmed this, with 
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most grains being less than lOoA in diameter. The grains were too 

small to permit the determination of the size distribution at the 

magnification employed (15,000X). 

The critical temperatures of these films decreased drastically 

· after the low temperature annealing, presumably because of the amorphous 

to bee phase change. That the T 's were still larger than the normal 
c 

crystalline values after annealing was interpreted as being the result 

of the small grain sizes; the increased temperature.width of the 

transition may have reflected the grain size distribution. 

5. Zr-Mo 

Only a single film of composition zr.
15

Mo.
85 

was pr~pared. Its 

diffraction pattern indicated an amorphous structure, i.e. three broad 

diffuse rings; transmission microscopy resolved no grains larger than 

the limit of resolution the microscope (-·1~). 

B. 4 and 5d Transition Metal Films - Mo Re1 x -x 

The Mo-Re alloy system has electron to atom ratios between 

6 and 7. As might be inferred from the previous behavior for the 4d 

TM's,. a peak in T was present; it is shown in Fig. 15. The peak for c 

these films is not as sharp as that of the 4d alloys, and it occurs at 

a slightly lower e/a value, 6.25.to 6.35. Critical temperatUres after. 

warming to 300-350°K are shown iri Fig. 16.· Comparison of the Tc's of 

crystalline films compared with bulk crystalline T 's indicated that c . 

the composition determined by electron microprobe analysis was 

systematically shifted to higher rhenium concentration by less than 

5 at. %. 
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Fig. 15. Superconducting transition temperature of the 
as-deposited vapor quenched alloy films of Mo-Re. 
A peak in Tc .is constructed from an extrapolation 
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The annealing temperature and resistance ratio, Fig. 17, are 

again very much like those observed in other alloy systems. The larger 

resistance ratios are, in general, a reflection of the very much larger 

grain sizes present in the crystal.line films after annealing. 

Pure Re films exhibited annealing behayiors unlike the other 

hexagonal metals ob~erved (Zr, Ru). A distinct decrease in R was 

observed in the temperature range 260-280°K, followed by a decrease in 

T from 7.6 to- 6.7°K. The crystalline state was found to be fcc. 
c 

This was interpreted to mean that Re was obtained in an amorphous state, 

contrary to the results obtained with Zr and Ru and their dilute alloys. 

TheRe rich specimens had compositions in a, X and two phase 

regions and were found to be amorphous after warming to room tempera-

ture. Consistent with this was the very small change in T (< O.l°K), 
c 

the lack of any sharp decreases in resistance, and the negative TCR 

present after heating to 300°K. Details of the high temperature 

annealing experiments with these specimens, as well as structural 

changes, will be reported elsewhere. 

C. 5d Transition Metal Films 

The T with e/a for amorphous 5d transition metals, shown in 
c 

Fig. 18, was found to be similar to that obtained for the 4d alloys. 

However, there were some important differences. The peak was strongly 

shif'ted toward Re( e/ a = 7. 0), and the rate of increase of T from Ta c 

to the peak was not linear. The non-linearity was observed for both 

W-Re and Ta-Re alloys. The significance of using Ta-Re alloys was to 

be certain that the amorphous state woUld be formed in the neighborhood 

of e/a = 6.0 to 6.1, because the deviation from linearity was greatest 

here. Possible interpretations of this effect will be presented in IV. 
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Critical temperatures af~er heating are presented in Fig. 19. 

They followed a pattern similar to that of the li.d TM. The annealing 

and structural results are presented below; they were also very much 

like the 4d TM. However, the alloy series of Re and !r are presented 

here with rather different~annealing temperature characteristics than 

observed for most of the alloys. The analysis carried out for the 5d 

alloys was not as detailed as that of the 4d series ~specially in 

regard to grain sizes and distribution studies. 

1. Tantalum-Tungsten 

Tantalum and tungsten alloy in all proportions as do their 

isoelectronic neighbors Nb and Mo: Similar to Nb and Mo some deviation 

of T from a linear form in the direction of crystalline T was observed. c c 

W and alloys near W appeared to be anomalously low, relative to the lin 

linear variation observed in the 4d-alloys. 

W-Ta alloys exhibited a resistance de.crease over a broad tempera-. 

ture interval (- 100°K) during annealing; this occured at temperatures 

less than 300°K for all alloys studied. Broad temp~rature intervals 

(- 30°K) were also observed in Nb-Mo alloys. 

2. Tungsten-Rhenitim 

·This system was characterized by a peak in T betwe·en 6. 8 and 
c 

6.9 electrons per atom. The annealing behavior, similar to most 

alloys, is shown in Fig. 20(a) and (b). An alloy, w. 43 Re.
57

, lying 

within the cr phase remained amorphous to a temperature of 900°K. At 
/ 

950°K, it exhibited a transformation from amorphous to the cr-phase with 

the immediate appearance of large grains (- 5lJ). This. observation is 

consistent with the previous (4d alloys) correlation of increased 
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grain sizes with higher annealing temperatures. 

3· Tantalum-Rhenium 

Tarita.lum-rhenium alloys substantiated the non-linearity of T 
c 

versus ~/a observed in the neighborhood of e/a = 6 with W-Re alloys. 

The shape ofT vs. e/a curve is-similar to that of W-Re alloys except 
c 

for the absence of a peak; the maximum T occurs at rhenium. In 
c 

addition,- lower T 's were obtained for this system, possibly the result 
c 

of the increased nuclear charge difference between the elements. 

4. Rhenium-Iridium 

A linear decrease in T was observed with increasing Ir content 
c 

and extrapolated to a non-superconductor at~ 75-at% Ir, even though 

crystalline Ir is superconducting (T ~ .10°K). The inability to 
c 

measures T
0
's less than 1.7°K precluded any attempt to explore the 

possibility of transforming a superconductor into a non-superconductor 

by preparing it in an amorphous state. 

The annealing temperature, T , decreased with the addition of ann. 

Ir to Re up to ~ 20 at % Ir as shown in Fig. 2l(a). Further Ir caused 

T to increase, as observed for most alloys. This unusual behavior ann. 

in T was reflected in the downward trend of the resistivity ann. 

ratio (b). 

D. Non-Nearest Neighbors 

In order to test the general trend of T as a function of e/a c 

for amorphous transition metals, alloys were prepared between elements 

having a charge difference (or differnece in the number of d-electrons) 

/ 

~Z > 1 or 2. The first evidence of this effect was observed in the 

Ta-Re alloys, ~Z = 2, in the 5d-series (see Fig. 18). These alloys 

_, 
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. exhibited aT behavior similar to that of Ta-W and W-Re alloys, except 
c 

that T was reduced by 0.5 to-l.3°K. 
c 

Larger decreases in T occurred for larger ~Z. The critical 
c 

temperature of a Zr. 
54 

Ru. 46 
alloy (~Z = 4) was "' 5°.K below the nearest 

neighbor values. In the 5d series, a Ta.
38 

Ir. 62 alloy (LlZ = 4) had 

aT = 3.8°K, larger than.either element alone but still 3°K lower 
c 

than found for nearest neighbors. This suggests that the form of T 
c 

as a function of e/a may be the same as for nearest neighbors, except 

that the T is suppressed. 
c 

E. Effects of Gases 

Considerable difficulty was encountered in making "amorphous" 

Nb at the high deposition rates employed (> ioo\/sec). The critical 

temperature was initially high (> 8°K) and no annealing occurred on 

warming to 300°K. Only at lower rates, wnh consequent greater con-

tamination, was it possible to obtain Nb with aT "' 5.5°K (as 
c 

previously reported by Gamble and Geballe ( 4 )). . It may, therfore, be 

concluded that impurities are necessary to stabilize an "amorphous" 

structure in Nb. 

The oxygen impurities play little. role in determining the T of . c 

"amorphous" films (other than stabilizing the "amorphous" structure), 

was confirmed by experiments ,in which 02 contamination of Nb. 95 Zr. 05 

films was intentionally produced. Amorphous films were prepared in 

total background pressures of 8 x 10-8 to 5 x 10-6 torr, with no 

significant change in T • However in the crystalline state the effect 
c 

of 0
2 

contamination was drastic. Films prepared in a high 02 back

ground pressure showed a decrease in T upon annealing due to high 
c 

oxygen pickup. Less contaminated films showed an increase in T toward c 

the bulk value upon annealing. 



Table II. Compilation of EXperimental Data 

. ' 

Alloy Tc(deposited) T (annealed) TCR Tann Electron Microscope c (- or +) (OK) Observations '-

.. 

Y.43zr.57 1~5(est)~?90 < 1. 7o+•? - N 3 diffuse rings; no 
discernible grains 

Y.32zr.68 
+.14 +.01 N 13 diffuse rings; no 2. 27 ... ( < 1. 70 ) 1. 91- ( < 1. 70) - -

' 
discernible grains 

Y.12zr.88 
3.14+.lO 0+.04 N 3 diffuse rings; no 2 .1 - (< 1. 70 ) --.60 

discernible grains 

Zr 3.26+' 08 < 1. 72° + 'V300 polycrystalline (70-200()1\); -.37-
two phases 

·-

Zr.99Nb.01 3.41+' 20 
-.10 

2.08+.04 
-.01 + N not observed 

zr.85Mo.l5 4.14+' 20· 3.86+.lO - N 3 diffuse rings; no -.10 -.20 discernible grains 

5.oo~:~~ 4.6o~:i~ 
-

zr. 50Nb. 50 - N not observed -

+ 3.3l+.o5 3~4 diffuse rings; no zr.4oNb.6o 4.88_-.06 - N 
-.05 discernible grains 

4.58+' 14 
-

2.49+' 09 
Zr .33Nb .67 - N 3-4 diffuse rings; no--.06 -.05 discernible grains 

-

-==-=--=-:-.:..=-:::-.;.:-_:;"~ . .,...-: .. =.~---.--. ~·=-~~:.:-::- ------

Specimen No. 

110-3 

110-4 

/ 110-2 

110-5 

102-4 

102-3 ,. 

112-3 

107-5 

107-4 

I 
Vl 
1\) 
I 



Table II. , continued 

I 
T (deposited) Alloy T (annealed) TCR Tann c c (- or +) (OK) 

zr.33Nb-.67 5.4o+· 09 4.7 ± .10 - N -.03 

zr.23Nb.77 5.40 ± .12 10.30±.17 + 254-260 

zr.13Nb.87 5.42+' 12 
-.04 7.35~:~~ + 150-170 

zr.075Nb.925 5.90+'16 
"':"•07 8.18~:~7 + 100-120 

zr.o5?.945 
5.66+.ll 

-.05 
4+.08 

7. 5 -1.04 + 110-130 

zr.03Nb.-97 5.91 ± .14 7. 50 ± . 30 + 90-100 

Nb.91Mo.09 5.96+' 33 
-.12 5;64~:~~ +· 60-90 

Nb.91Mo.09 
6 o6+.03 

. -.20 5·79~:~~ + ----

Nb.78Mo.22 
5.72+.lO 

-.20 2.0 ± 1.0 + 40-70 

Nb .39Mo. 61 6.80 ± .10 +.10 
3.1_(< 1.70) t < 60 

Nb. 30Mo. 70 7.10~:~6 2.6o~~~g + < 40 

,!t 

Electron Microscope Specimen No. 
Observations 

not observed 112-5 

bee 10-2 

bee; spotty rings (70-300~) 107-2 

bee; spotty rings (70-100~) 108-3 

bee; spotty rings (70-lOOoA) 108-2 

bee; spotty rings (70-200~) 108-1 

bee; solid rings 106-1 
( 

bee; solid rings 106-3. 

bee; solid rings 101-4 

-

not observed 112-2 

bee; solid rings 101-5 

I 

I 

I 

I 

I 
I 

~ 

I 

I 

I 

.~c.:;. 

tf'.l'·"· 
c'~>rlo/.· 

(:~ 

G···. 

0'-

.~-... .. 
\... ..... ~ 

", 

~: 

V1 "'"' w i.~~ 

I 



Table IL, continued 

-, 

Alloy T (deposited) T (annealed) TCR Tann c c 
(- or +) (OK) 

+.85 + 65-110 3.35_1.40 
' 

< 1.7 + < 40 

< 2.0 + 50-70 

+.28 
7.02-3.00 + 130-200 

6 8+.95 
.l -1.00 + 110-130 

-- + 

I 8.68 ± .o5 .... N 

7.65 ± .05 - N 
(> 800°) 

+.50 
.3.75-.75 0 20-30 

.lo~·~ .90 .43 < l. 7 + I N 

'i-
,.-..-J..r..i£!:.::: ------ ···-·· ~---------------------

Electro~ Microscope 
Observations 

bee; solid rings;< 67-30~ 

bee; solid rings 

bee; 

bee; solid rings; < 50-100~ 

bee; spotty rings; 
< 10~,;,.100~ 

bee; spotty rings, < 70-300oA 

3-4 diffuse rings; no grains 
discernible 

3 diffuse rings; no grains 
discernible at 300°K 

not observed 

not observed 

-

Specimen No. 

101-2 

101-3 

23-3 

102-2 

104-4 

103-2 

104-3 
·-

ID~5B-5 

' 101-1 

1 _ 112_1 

~ 

I 

I 

I 
Vl 
-I="" 
I 
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Table II., continued 

c: 
---·----

I 
J 

Alloy T (deposited) T (annealed) TCR Tann Electron Microscope Specimen No. c c· 
(- or +) (OK) Observations 

~.:..:.., ... 

~, .• _~ .... 
4-,..,, 

c::~ 

' 
Mo.03Ru.97 < 1.7 < 1. 7 + N not observed 103-4 

j;,o . ...,. 

0'' 

_.;---~ Mo.03Ru.97 < 1.7 < 1. 7 + N not observed 103-3 
/ 

'¢;:,"'"'~ 

Ru < 1. 7 < 1.7 + N· hcp; solid rings; 20-15oA 112-4 
•, 

zr.54Ru.46 3.16::~~ 3.04+' 15 - N 2 diffuse rings 102-1 -.05 
"'. I ~".,. 

V1 

'f ;>,; 

Mo.92Re.o8 8.78::~~ ---- --- 40-70 crystalline; rings + spots; bee 116-1 f',,; 

Mo,.89Re .105 8. 85:± . 20 ---- --- ---- bee; small cryst. 116-2 

Mo.81Re.l9 
9.45+.lO 

.• -.24 7.15::~~ + 
i 

<77 bee 115-l 
! 
I 

Mo.73Re.27 9.62::~r s.s<:~; + ?(< 260) bee; solid rings + spots 119-4 

Mo. 70Re .30 9.62::~~ 9 42+" 13 
. -.07 + 90-100 bee; large crystals 120-1 

Mo.63Re.37 9.6l::~g 10.97::~~ + 120-125 bee; large crystals 120-4 

Mo.63Re.37 9.62+' 12 
-.11 10.95+" 20 

-.37 
+ 120-125 bee 114-2 



·..-·-..:.· 

·. ·/J. l'~;-

Alloy T (deposited) j T. (annealed) c c 

Mo 
6
. Re . 9 .45+.17 

. 1 .39 -.03 

Mo Re 
4 9. 28+.08 

.51 • 9 . -.02 

Mo 46Re 4 9.27+.04 · .5 ~.o6 

Mo. 42Re. 58 

Mo.30Re.70 

Mo.23Re.77 

Mo.l55Re.845 

Hf 

'Ta 

Ta. 99w.Ol 

Ta. 37w.63 

-~;,~ 

+.06 
9·35-.02 

1 +.11 
8.91-.02 

8.58+.04 
-.03 

8.36 ± .05 

< 1.68 

1. 71 +.015 
-.01 

< 1.8 

2.83+~08 
-.04 

11. 20+.09 
-.07 

12.72 ± .05 

+.02 
8.79-.01 

8.48 ± .02 

8.22+.10 
-.05 

< 1.68 

+.14 
2.92-.13 

, . 

< 1.68 

·- --~~- ·-------·--

Table II~, continued 

TCR 
(- or +) 

+ 

+ 

/ 

+ 

+ 

+ 

+ 

Tann 
(OK) 

Electron Microscope 
Observations 

135-144 I bee; large crystals 

280-300 I bee; large cystals 

< ~50 I crystalline 

< 350 I crystalline-2 phases 

> 900°K I 3 diffuse rings; no discernible 
grains 

> 900°K I 3 d_iffuse rings; no discernible' 
grains 

"' 670°K 

N 

350-370 

185-300 

2 diffuse rings; no discernible 
grains 

not observed 

bee 

Specimen No. 

120-2 

115-2 

116-3 

116-4 

120-5 

115-3 

114-3. 

109-2 

109~3 

133-3 

126-2 

I 
Vl 
0\ 
I 

~----- --- - ----~-------



Table II. , continued · 

Alloy T c ( depo~:;i ted) T (annealed) TCR Tanil Electron Microscope c . 
(- or +) (OK) Observations 

Ta.25w.75 2.93+" 03 
-.02 ----- ---- -----

2 98+" 02 -· 
Ta.16w.84 • -~03 ----- + < 130 

Ta W (?) 3. 01 +. 04 
. --.03 < 1.7 + 130-200 

w .3.62 ± .10 6 +.25 
2. 3-(< l. 70) + 140-210 

3.53+" 08 ' 

w~965Re.035 < 1.7 + 104-120 bee -.04 

w.88Re.12 4. 66 ± .04 
....; __ 

+ < 200 bee 

w. 71Re .29 5.4o~:~~ --- + 220-240 

w.615Re.385 6. so~:~~ 7-30~:~~ ' + 320-330 bee; large crystals 

w.43Re.57 6~85~:~~ ----- --- > 900°K I 3 di:fuse rings; no discernible 
gra:1ns 

w.13Re.87 6.85 ± .05 7.01+"12 
-.04 I - N 

w Re (?) 6.93 ± .04 ----- I ----- ------

Specimen No. 

127-4 

124-4 

131-;-2 

109-5 

121-2 

' 

119-,5 

123--1 

121~4 

'117-2 

125-1 

127-1 

I 
Vl 
~ 
I 

~-. \,. __ _ 

·c 

... -" "-~-~: 

1' .... , 
'-.w•, 

C' 

.... 
''"'"~' 

~.""'-,~ . ~· 

~-·~ 

~~~~ 

"' ' ...,.., 



Alloy T (deposited) c T (annealed) c 

w.o8Re.92 7.66+· 43 
-.04 -------

w:o3Re.97 7 55+" 25 
•. -.03 7.19~:~~ 

Re 7.41 ± • 05 6 4+.06 
.7 -(< 1.7) 

Ta.01Re.99 6.91+· 06 
-.08 

7·04+. 12 
-.03 

Ta.01Re .99 7 .15+. 05 
. -.o4 

6 6 +.17 
• 0-1.40 

Ta. Ol5Re .985 7.11~:~~ 7.12+· 08 
;;.;;.03 

Ta Re (?) 6.68+· 05 -------.03 

Ta.28Re.72 5.25+.01 
-.06 - 5. 24 ± • 03 

Ta.38Re.62 3.8o+· 01 
-.24 3. 77 ± .·15 

Ta.36Re.64 3.86+~ 05 
-.07 3.82~:i6 

~e.9751r.025 7.05+" 08 
-.03 

6 8+.13 
•1 -1.98 

~.>~:o:.~;,:· ~_.;-::~~-·,·~-...!";,.~ ·!q .·~- ..... ~. 

Table II., continued 

TCR Tann 
(- or +) (OK) 

- N 

+ 330-340 

+ 250-280' 

--- N 

+ 310~340 

---- N 

---- __ ..;._ 

- N 

- N 

- N 

+ 200-220 

Electron Microscope 
Observations 

J 

crystalline; 2 phase 

2 diffuse. rings; no discernible 
grains 

' 

2 diffuse rings; no discernible 
grains 

II II 

' 

Spe<::_imen No. 

123-2 

121-3 

109-4 

131-1 

132-2 

131~5 

133-1 

138-1 

139-4 

139-1 

132-4 

I 
V1 
ex:> 
I 



Alloy T (deposited) T (annealed) c c 

Re.915Ir.085 6.39 ± • 02 +1.6 
2.52_(< 1.7) 

Re.87Ir.l3 6.165~:~~~ 3.61~:~~ 

Re·79Ir.21 5-37~:~~ ------

Re.78Ir.22 5.44~:~~ +.36 
2.99:;;;1.18 

Re.73Ir.27 4 68+· 05 
. -.02 2.72+" 26 

-.16 

Re. 71Ir. 29 4.62+· 08 
. -.50 

6 +.21 
2. 5-.50 

Re.715Ir.285 4 90+· 08 
. . -.22 

8+.19 
2.0 -(< 1.7) 

Re.6951r.305 4.32~:~§ 2.83~:~~ 

Re. 525Ir. 475 2.64~:i~ 2.24~:~~ 

Re.53Ir.47 3.oo~:~j < 1. 7 

Re. 50Ir. 50 2.595+"-045 
. -.035 < 1.7 

~: 

Table II., continued 

TCR Tann 
(- or +) (OK) 

+ 127-140 

+ 90-110 

+ 90-110 

t -----

? 100-140 

+ Broad 

+ 130-170 

- N 

- N 

I --- ---- \ 

Electron Microscope Specimen No. 
Observations 

125-2 

132-3 

124-1 

129-5 

126-4 

129-4 
- ---

131-4 

129-3 

129-1 

131-3 

-. ---

126.,.3 

I 
V1 
\0 
I 

c 
4~.: 

c~~ 

~< 

•-;}"-

!~ 

,.,. 

~\_ 

'" 
~ "~ 

""-

..t.'" 



Alloy 

Re.47Ir.53 

Re.l5Ir.85 

Re:l8Ir.82 

Ta.58Ir.42 

Ta. 59Ir .·41 

I 

--~ 

~~-$1-:. 

Table IL , continued · 

T (deposited) T (annealed) TCR Tann Electron Microscope Specimen No. 1 c c 
(- or +) (OK). Observations 

2.3(:~~ < l. 7 - N 

< 1.7 < 1.7 + 

< 1.7 ----- + 110-125 

2.36 ± .04 2. 33 ± .o6 - N 2-3 diffuse rings; no 
discernible grains 

2.63+" 07 2.57~:~~ N II· II -.. -.50 

L_. 
N = showed no distinct ann. T or didn't anneal. 

did not measure (T , TCR, or transformation temperature). 
c 

,· 

---------- ··-··----- -- ·----------- -- -------

129-2 

121-5 

124-2 

·139-2 

139-3 

I 

I 
0\ 
0 
I 

---~. -------- --- --------------------------------
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IV. THEORY 

Only the present, seemingly adequate, theory of superconductivity 

is prese~ted and applied here. Thus other models such as the Frohlich 

mechanism, (B, 9 ) that due to Kohn and Luttinge;, (lO} and the' more 

recent "local" electronic polarizability effect on T proposed by 
c 

Matthias et al. ,(ll) are not considered. 

A. Superconductivity 

The mechanism of superconductivity assumed here is that due to 

Bardeen, Cooper arid Schrieffer (BCS hereafter).(l2 ) In this theory, 

amply supported by the evidence for sp superconductors and some , 

transition metals, (l3-lS) the electrons form pairs due to an attractive 

electron-electron interaction mediated by the lattice phonons. The 

physical picture is that an electron polarizes the lattice causing a 

positive charge cloud, of dimensions o~ the order of the ,Debye length, 

to form about it. It takes on the order of a lattice response time to 

establish this cloud. As the electron moves, it leaves a polarization 

wake behind which lasts for a time characteristic of the lattice 

vibrations since the lattice will dissipate it. In this time interval, 

- Jl ~ lo-13 sec, a second electron interacts attractively with the 
WD 

polarization wake. Thus the interaction, characterized by a dimension-

less coupling constant, A, is necessarily non-local both in space and 

time. 

Opposing this attractive interaction is the screened C.ouloinb 

repulsion between the electrons, which must be smaller than the 

electron-ion interaction for superconductivity to occur. This repulsion 



-62-

is characterized by ~ and it will be shown later that this quantitiy 

is reduced due to frequency effects. 

The electron-ion interaction can be mathematically expressed 

as an exchange of a phonon energy between electrons. This expression 

includes the entire phonon spectrum of the metal however the largest 

contributions to the strength of the interaction arise from an 

exchange of the largest frequency phonons between electron pairs of 

opposite spin and momentum. The BCS formulation only includes these 

electrons pairs of opposite spin and momentum sc.attered from the pair 

state (pt ,- pi-) to the pair state ( p 1t , -' p' -1-), all states lying within 

a cutoff phonon frequency of the Fermi level. The net attractive 

interaction, V att. is regarded as a constant up to the cutoff frequency, 

w , and zero for higher frequencies; thus the remainder cif phase c 

space available for electron-eleetron Coulomb repulsion is neglected. 

We shall patch this up later. The resulting expression for T , 
c 

obtained by a :;;elf-consistent solutiqn of the energy gap equation and 

the fact that the energy gap goes to zero at T = T , is given in the 
c 

weak coupling limit, kTc << hwc, by 

(IV.l) 

Vatt~ i~ an average of the difference between the electron-phonon 

interaction and the screened Coulomb repulsion 

V att = Vel-ph 
v sc 

c 

4TI"e · •... 2)· 
2 ... 

e:k . Avg.· 

(IV.2) 

. . 
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where ~ is the matrix element for the electron-phonon interaction 

and 4rre2/Ek2 is the screened Coulomb interaction in momentum spa~e. 

The definition of A and ~ can be given as 

A = N(o) V 
el-ph 

~ = N(o )V sc 
c 

(IV.3) 

As mentioned, the electr~n-phonon and Coulomb repulsion are 

cutoff at w , on the order of the Debye frequency w . However the 
c 0 

Coulomb repulsion is almost instantaneous with a frequency dependence 

on the scale of the Fermi energy, EF >> hwD. · Extending V esc to 

energies on the order of EF above and below the Fermi level,or rather 
I 

the entire bandwidth, EB' results in a decrease of ~· This is due 

to the different time scales of the two interactions. (l6) The strong 

repulsive Coulomb interaction keeps the electrons instantaneously 

apart which causes a correlation reducing the overlap of wavefunctions 

and consequently reduces the Coulomb repulsion that the electrons 

feel over longer times (lower frequencies). The Coulomb repulsion in 

the low frequency region below the phonon cut.off frequency, w , is 
c 

* effectively reduced to ~- where 

The Coulomb coupling parameter is ther·epy- reduced by a factor of 

2 to 3 for transition metals. In the weak coupling T formula - ' - - - ' c 

(IV. 5) 

. ' * ' 
(Eq. IV .1), A-~ is replaced by/..-~ and the high frequency Coulomb 

repUlsion is seen to actually increase T • 
c 



-64-

We have to make a further extension of the 1 T expression, . c 

, which is that due to strong coupling effects. Whem the electron-

phonon interaction.is strong (A~l), the elementary excitations of the 

metal are neither electrons nor phonons but some combination depending 

upon the coupling strength, X. Even in the normal state the electron-

phonon interaction modifies the electronic properties e.g. the 

* effectiv,e mass, m , of the electron is enhanced according to 

* m 
m = 1 + A 

* 

·(IV.6) 

due to the electron-phonon interaction, where m is determined from 

experimental specific heat data and the band structure density of 

states, Nbs ( o) , is calculated for a rigid ion lattice (no phonons). 

In the strong coupling case, A is reduced to A/(l+A) due to the 

'wavefunction renormalization effect'. The effective amplitude of the 

electron wave function is reduced by its 'dilution' with the phonons 

to which it is strongly coupled. In Eq. IV.2, l\ is reduced by 

(l+A)-l/2 and it is the square of ~ that enters X. A similar but 

' . * 
less important-factor, (1+.6A)/(l+A) multiplies ].1 and is due to a 

strong·coupling modifica:ion of the relation connecting ].1 and ].1*. (
2 ) 

Only A and how it enters the T expression has been considered, . . c . 

and not the details ofthe interaction itself. The source of 

the electron-:phonon interaction is the potential between an .electron 

and an ion, V(r - R. ) . When an ion in a lattice is displaced by 
._e ._1on . 

oR., the change in potential seen by an electron is given by 
._1 

oV = 'oR .. • II V 
"'1 -~-· 

1 

(IV.7) 

.I 

I 

i 
l 
I 

.. I 

'i 
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This change in potential is capable of scattering an electron from 

an initial momentum state p to a final state E'· A is a parameter 

describing the strength of the interaction and to evaluate it one 

needs to know the matrix element for the transition~+£', which 

is given by 

3 oR·V'Vl/Jdr ' p 
(IV.8) 

where 1/J is the wavefUnction of an electron in momentum state ~· The 
p 

electron can be scattered from any state p near the Fermi surface to -
any other state E' .near the Fermi surface (both within a typical 

phonon energy). Thus the evaluation of A for all possible scatterings 

involves a double sum (integral) averaged over the Fermi surface, 

assuming the density of states doesn't change very much within± hw 
' 0 

of the Fermi surface. A phonon density of states factor must also, 

be included in determining A since the interaction involves the 

exchange of a phonon of frequency w ,. A will be proportional to r-r 
something like 

A = N(~)V l ·h ~ N(o) e -p . 

/

d2n f 2 
1 

~ !....1L. v v t 
F. F 

Following McMillan( 2 ) the definition of A is given as 

0 

(IV.lO) 



,··, 

where o:(w ) 'is. an ayerage of the <el~ctron~Ph.~nc,:m interaction ( th'e 
. .\ : _q, 

matrix element ~), _the averl3,-g~ being taken over ~11 possibl~_ £,' E' 
within ± hwD o~ the F.~_rmi .. ~urface, and_ F(w</ is t~e' phonon density 

. ~ . . . '2 . . . . ' ' . 
of states. The ·quantity a (w) F.(w) is· defined· by 

fd2p ·Jd2.p I 
. v. v ' 

2( ) ( ) . F. F. ,o: w F w .· -

. . . 2 .. 
P 1 loR·'Vvlp~ I: o(w-w ·) - · .. ,.._ - ' - . . p~p' 

~-' ,'. ·~ ~ .. · 
('IV.ll)· 

1'2 
·-~ ~ 

v . . F. . 

"· . 
· .. ,· . . 

Expanding, the, iori displacement oR in.terms of the quantized tl.ormal 

modes of the .lattice (phonons). 

. 2 .. 
o: (w)F.(w} 

fd2 : Jd2 I . · . . ! .. , ft £....12. £....E.:_ .. 
·v_ .. ··v 1 E2MNw 

1 .. F.. . F . p-p ;V 
. ' . v : 

·' 
where·· L· is the sum over the phonon pOlarizations v. 

v• 

(IV .12), . 

Thi9 formulation 

due to McMillan turns out to_be rather cconvenient in that the first 

·2 
moment of. o: (w) F.(w).is 'independent Of the. phonon f'r.equencies~ viz. 

'~·f 

·, ~· l·. 

. c 
· ...... 

. ' 

/ ·. 
.\' 

•. -t~ 



u ;) u u. ,j 6 u I / 

00 

j( w a2(w) F(w)dW = 
0 

v = 

i 
I 

hw I ( ' IE . WI ) 12 
2MNW I ~ -p-p I ' - , £ 

p-p ,v --
6 (w-W 1 )dw 

p-p --

(IV.l3) 

(IV.l4) 

which is the electronic matrix element of the change in crystal 

potential V as one atom is moved, one obtains 

N(o)h<J2 > = 
2M 

(IV.l5) 

Using the d.efinition of .A, Eq. (IV .15), and < ul ) , an average of the 

square of the phonon frequency defined by 

(IV.l6) 
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leads to a closed expression for A: 

(IV.17) 

( w2 } is weighted in a somewhat peculiar fashion by the electron

phonon interaction, a 2(w). This must be borne in mind later when 
.. · 2 

calculations of ( w ) are made. For a(w) weakly depende'nt upon w, 

we have 
w 

/

0 

w F(w)dw 
0 

0 

.F(w) dw 
w 

A further attempt at making the electron-phonon coupling 

(IV.l8) 

constant A tractable. in terms of measured or known quantities was 

provided by Barisic, Labbe and Friedel (l}. (hereafter referred' to as 

BLF). Assuming that superconductivity in transition metals is 

pr±marily due to phonon induced .d-d coupling i.e., between d electrons 

on riearest neighbor sites, BLF estimated the quantity N:(o) <J2
) for 

. . 

a pure d-band in the tight binding approximation, utilizing a 

Hubbard HBllliltonian. Allowing only for nearest neighbor overlap in 

a simple_cubic lattice where the d wave function is described as 

decreasing exponentially, e-~r, in the region of overlap, th; coupling 

constant is approximated by 

q 2E (d) 
A= .....;;.o_~c __ 

M <w2
) 

(IV'.19) 
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E represents the direct contribution of the tightly bound d-electrons 
c 

to the cohesive energy of the crystal, and is given by 

(IV.20) 

where E is measured from the middle of the band. The above result for 

A receives additional support from Deegan(l7) who derived an equivalent 

expression from less restrictive considerations. At this point it is 

appropriate that some discussion of the cohesive energy be given as it 

plays a central role in the analysis of the results for amorphous 

transition metals. 

B. Cohesive Energy 

Cohesive energy is defined as the decrease in energy ,on bringing 

an atom from its gaseous ground state atomic energy level to the solid. 

The heats of sublimation, ~Ry. sometimes referred to as the cohesive 

energy (when ~Ry is evaluated at 0°K), are shown for the Third, Fourth 

and Fifth Period in Fig. 22. (lB) ~By represents·the measured heat of 

the reaction 

where ideally M consists of neutral gaseous metal atoms in. their · gas 

ground state and M 1 .d refers to the collection of atoms in the solid so J. 

state. 

One observes in Fig. 22, that in general ~Ry rises to a maxima 

near the middle of the 4 and 5d series in rough agreement with the 

notion that the cohesive energy increases with the number of d-electrons 
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FIFTH PERIOD 

FOURTH 
PERIOD 

THIRD PERIOD 

o~~~~~--~~--~~~~~~~--~~~ 
0 2 4 ~ 8 10 

NUMBER OF sAND d ELECTRONS/ATOM 
XBL 719-7289 

Fig. 22; The experimental heats of.sublimation for the 
three transition series as a_furiction of the number 
of s arid d elections .per atom. . . 
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available for binding. However, ~Ry possesses a large dip near the 

middle of the 3d series (Cr, Mn, Fe) with progressively smaller ones 

'in the 4 and 5d series. To understand this behavior in the 3d series, 

Griffith(l9) considered the various contributions for preparing an 

atom in a state appropriate for metallic bonding .. Figure 23 illustrates 

the contributions and will be discussed below. 

In the transition series the binding energy, b, defined as the 

energy difference between the fully prepared atom and the atom in the 

solid is expected to increase with the number of electrons available 

for binding. Griffith assumed that the 3d and 4s orbitals were avail-

able in the transition region giving a total of six orbitals; a maximum 

in b shoUld occur at Cr, Mo and Win the 3d, 4d and 5d series, respec

. tively. Griffi th1 s assumption that the bonding configuration is dn-ls t 

excludes the p orbitals from contributing to the bondingtt and is per-

haps not a bad approximation since the normally unfilled np shell lies 

2 to 3 eV above the ns and (n-1) d shell energies for most elements in 

the three transition groups. 

T t t • t h I I b d • f • t • dn-l o ge an a om 1n o t e proper on 1ng con 1gura 1on s, 

for the solid a promotion energy P, from the atomic ground state say 

n-2 2 n 1 (19) d s , to d - s must be provided. According to Griffith this is 

not all-a further promotionenergy, P
2

, to destroy all spin coupling 

t n-2 2 t' 11 Griffith claims using d s for all elements does not essen 1a y 

alter the results. 

tt That this approximation is not quite valid is exhibited by the non-

zero ~Ry for Zn, Cd and Hg. ~Ry = 0 :woUld be expected with all d 

and s orbitals filled. 
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----=--=---....,.--""-- dn-1 S 
MEAN OF dn-l s 

ATOMIC 
CON FtGU RATION 
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b 

XBL 719-7290 

Fig. 23. Energy diagram iliustrating the contributions 
P 

1 
and P 

2 
for .preparing an atom with ground state dn-28 2 , 

in ~ state appropriate for bonding, assumed here to be 
dn- s. 
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within the atom, must also be provided. The iritra-atomic spins must-be 
I 

decoupled from a Hunds' Rule configuration - maximum total spin for a 

given orbital angular momentum quantum number - in order that the spins 

. between atoms can be coupled in an antiparallel configuration in the 

solid. P2 then is the energy necessary to randomize the spin on an 

l atom and is given by - I; K where K is the exchange integral bet-2 ij ij 

ween orbitals i,j each containing one electron. P
2 

increases with the 

number of unpaired electrons and interelectronic spacing and thus a 

maximum occurs near Cr and Mn. P
1 

is obtained from measured atomic 

spectra data and P
2 

may be found from an analysis of atomic spectra. 

The binding energy b calculated from 

b = LH~ + P1 + P 
2 

(IV.21) 

is shown in Fig. 24 where small corrections have been made by 

. (20) 
McClure. He finds that b varies in a manner similar to that of 

the 4d and 5d transition series, and that the dip in the middle of the 

3d series is the result of the large promotion energy P.t In the 4d and 

5d elements, P2 is much smaller due to the larger inter-electronic 

separ.ation and deviations in [).~ from a parabolic shape, or b, are not 

as large. P1 however is roughly the same in each series. 

t It should be noted that the occurence of ferromagnetism in the 3d 

series illustrates that the spins are not all randomized and thus 

P2 is overestimated for these elements. Thus the assumption of 

perfect pairing of spins for cohesion in the solid may not be 

necessarily true. 
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That the cohesive energy should be a maximum at a half-filled 

d-band receives theoretical support from many sources. Cyrot

Lackmann(2l) has calculated the cohesive energy from the energy 

moments of the electronic density of states of a d-band in an isotropic 

simple cubic tight binding approximation and finds that E (d) varies 
c 

in a parabolic manner with a maxima at five d-electrons. Similarly 

Friedel( 22 ) observes that a maxima in E (d) occurs when the d-band . c 

is hal'f-full. Friedel obtains the total energy by summing the energies 

of the occupied (E ~ ~) one electron states as in a tight binding 

Hartree-like scheme where the wavefunctions do not contain any_ spin 

(exchange) or correlation effects. Thus this amounts to a rough 

approximation only for the 4 and 5d series and cannot be used at all 

in the 3d transition metals because of the large spin effects. 

Correlation effects are roughly taken into account by using positive 

ion potentials V. on the sites i instead of neutral atomic potentials; 
1 

this introduces a sort of correlation hole in the manner of Wigner and 

Seitz(23 ) and according to Friedel allows one to compare directly the 

energies in the solid and in the gas. Further assuming that the shift~ 

s, of the band is small compared to its width, w i.e., crystal field 

splitting is negligible~ the cohesive energy per atom is given by 

E (d) 
c 

2 - - N L 
k occ. 

(IV.22) 

where. N is the number of atoms~ nd is the number of d electrons per 

atom, E is the atomic energy level~ and the sum is over all occupied 
0 

momentum states k ~ ~· The factor 2 arises because the sum is over 

one e~ectron states and the double occupancy of each state must be 

included. 
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Since electron states in a metallic solid form a near continuum 

the expression for the cohesive energy can be transformed from a_ sum 

to an integral 

E (d) = 2 
c 

(E -E) N(E)dE 
0 

(IV.23) 

where all energies are measured from the same reference, ~ is the 

bottom of the band and Ef is the Fermi energy. The situation is 

illustrated schematically in Fig. 25. 

It is clear from Eq. (IV. 23) that ind~pendent of the form of 

N(E), Ec(d) keeps increasing Until Ef = E
0 

at which the maximum occurs. 

For a reasonably symmetric N(E) about the center of the band, E (d) 
c 

passes through a broad parabolic maximum near the vicinity of a half-

filled band. Allowing E to be the reference, E = 0, Eq. (IV.23) is 
0 0 

identical to Eq. (IV.20). 
. . 

Two ot,]ler contributions to cohesive energ;y in transition metals · 

should be included; the first 
. . (24) . 

due to Watson and Ehrenreich because 

it is a quantitative calculati_on of E and the various contributions c 

to it and the second by Newns( 25 ) because it illustrates the effects 

of .electron-electron corr,elations. 

Th 1 . d . d b w t d. Ehr . h ( 24 ) .. . .;3 • e so J. , as envJ.sage y a son an enreJ.c , -,J.s a perJ.P!IllC 

array of appropriately prepared atoms and the cohesive energy arises 

from the preparation and energy band effects. The terms resulting 

from preparing the atom include: 
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(1) Increase in atomic energy from raising the atom from the 

ground state to the configuration dns.t 

( 2) Increase in energy due to averaging over the multiplet s of 

the dns configuration. 

(3) Change in energy due to compressing s and d charge density 

of the atom into a Wigner-Seitz cell characteristic of the 

crystal. The atomic s and d wave functions are cut off at the 

Wigner-Seitz radius, rWS' and are renormalized to the cell such 

that it is el~ctrically neutral. The result of this procedure 

is to raise the energy of the atomic level, Ed~ by rv 0.5 Ry 

from the atom because of the increased s-d and d-d interactions; 

Ed agrees well with band structure calculations for the center 

of gravity of the d-band. (26 ) The increased s electron repulsion 

within the renormarized atom however is outweighed by the 

increased nuclear attraction.tt As a consequence this contribu-

· tion to the cohesive energy can be post tive or negative and is 

given as the difference that total Hartree-Fock energies of the 

renormalized and free atoms, ilE = (E ) · . - (E ) ·· • 
HF renorm. · HF free 

This treatment includes exchange effects explicitly and correla-

tion effects via the exchange-correlation hole arising in the 

Wigner-Seitz method. (23 ) 

Used here because it yields successful, nearly self-consistent 

results for a number of transition metals; though it is to be 

questioned. 

tt Thi.s increased nuclear attraction is prinia.rily responsible for the 

cohesion of the alkali metals( 23 ) in the Wigner-Seitz formulation. 
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.These prepared atoms are now placed together to form a crystal 

with the atomic levels broadening into bands; a relatively narrow d-

band overlapping the sp conduction band. The degeneracy of the d and 

s bands results in a strong hybridization of the two. These two 

contributions to E , the band broadening and hybridization occur 
c 

simultaneously as the atoms are brought together but they. are artifi-

ciall~ separated here with the hybridization term assumed as constant 

(2.25 and 2.0 eV/atom for 3d and 4d elements, respectively).t 

The band broadening contribution is taken from the calculations 

of Ducastelle and Cyrot-Lackmann, (27 ) who use a fixed £d and a band of 

varying width and constant shape. The various contributions toE' obc' 

tained by Watson and Ehrenreich as well as experimental L"llly are tabulated 

in Table III. Extensive comments can be made regarding the various terms 

for the different elements, especially the hybridization term being 

the largest contributor for Cu and Ag, but this is not the purpose 

here. 

The band broadening term is the major contribution for most transi-

tion metals, especially in the 4d series. Basically this is the only 

contribution toE considered by Friedel, (l) represented in Eq. (IV.23), 
c 

and Cyrot-Lackmann, (2l) where the middle of the band Ed replaces the 

atomic energy level E which was assumed to occur at the middle or 
. 0 

center of gravity of the band. Friedel's formulation is still 

reasonable as long as the renormalization shift, E
0 

- £d, is nearly 

constant for an entire ~ow; this was found to be true where detailed 

t Obtained from estimates for Ni, Cu, and Ag using tight binding 

OPW's. 



Element 

Sc 

Ti 

v 
Cr 

Mn 

Fe 

Co 

Ni 

Cu 

y 

Zr 

·Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

-· -~! r • 
:-.... 

Atomic 
Preparation 

- 2.15 eV 

- 1.90 

- 1. 70 

- 2.10 

---
- 1.60 

:.. 0.85 

- 0.15 

0 

- 1.90 eV 

- 1.45 

- 1.10 

- 1.65 

---
- 0.55 

- 0.25 

0 

6 

Table III. Contributions to the Cohesive Energy24 

Renormalization Hybridization 

0.60 eV 2.25 eV 

0.10 il 

- 0.85 " 
- 0.90 " 

--- ' ---
0.10 " 
0.15 " 
0.40 " 
0.95 " 

0.85 eV 2.00 eV 

_; 0.05 " 
- 0.20 " 
- 0.60 " 

--- ---
- 0.80 ·n 

- 0.25 " 
0.40 "· 
1. 30 " 

Band 
Broadening27 

2.60 eV 

4.50 

5.80 

6.35 

---
4.50 

2.95 

1.15 

0 

2.90 eV 

5.45 

7.55 

9.25 

---
6.55 

4.10 

1.30 

- 0 

Estimated 
E 

c 

3.30 eV 

4.95 

5.50 

5.60 

---
5.25 

4.50 

3.65 

3.20 

3.85 eV 

5.95 

8.25 

9·25 

---
I 

7.20 

5.60 
' 

3.70 

3.30 

-

I 

Experimental 
E 

c 

3.93 eV 

4.85 

5.30 

4.10 

2.98 

4.29 

4.39 

4.44 

3.50 

4.39 eV 

6.32 

7.47 

6.81 

---
6.62 

5.75 

3.94 

2.96 

I 
():) 
0 
I 

-----~---- ------ ·-~-- --· 
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calculations have been made. (26 ) Furthermore the broadening contribu-

tion in Table III.. is just that due to the d-band, E (d) , since the 
c 

s-band contribution was considered 'in the renormalized atom term, 

(EH-F)ren. · 

It appears from the for~ulation of .A in the BLF model (Eq. IV. 20) 

and this calculation of cohesive energy that it is only the above 

d-band broadening contribution to E that enters A.. This term rises 
c 

almost linearly to a peak at e/a ~ 6.5 from both sides, for 4d TM. 

Admittedly the influence of electron correlations was not 

adequate in the previous calcu1ation, being only partly incorporated 

in the Wigner-Seitz sense. Electron correlations, or the correlated 

motions of electrons in order to reduce their Coulomb repulsion, will 

increase the cohesive energy. One would like to know the effect of 

correlation on the d-band structure and therefore, E (d), as a 
c 

function of electrons per atom. Such correlations have never been 

adequately incorporated in transition metal band structure calculations 

to determine the electron energy states, from which the d band con-

tribution to the cohesive energy could be estimated (neglecting s-d 

hybridization). 

However, Newns,( 25 ) in a simplified model incorporating correlation 

has calculated the chemisorption energy of an atom in the 5d series on 

a tungsten substrate in order to explain the data of Plummer and 

. (28) 6 Rhodin, shown in Fig. 2 . Newns' calculations indicate that the 

electron-electron Coulomb interaction can alter ~E from a parabolic to 

a triangular form with a sharp peak at rhenium. 
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C. Application to Crystalline Transition Metals 

The earliest theoretical explanation of the T behavior of 
·C 

crystalline solid solution transi tiom metal alloys, ·s·hown in Figs. 1 

and 2, was afforded in a rough way by the BCS theory of super-

conductivity. The BCS model yields an expression forT (Eq. IV.l) 
. c 

with A~ N(o), the electronic density of states at the Fermi energy. 

Figure 27 shows the N(o) variation with the number of electrons per 

atom for the ~~d and 5d transition metal series. The apparently large 

role played by the electronic density of states in determining T is 
c 

noted by its striking resemblance to the T vs. e/a data in the region 
c 

between 4 and 8 electrons per atom. It has been pointed out( 29 ) that 

in this simple formulation the net interaction V att. is not constant 

across a transition series. Nevertheless the variation of V t 
. a t., 

determined from the Tc equation, expermental 8D and N(o), is less 

than that of N(o). Furthermore where N(o) is large the calculated 

V is small suggesting a relatively strong dependence of Vatt. on att .• 

N(o). 

Band structure calculations coupled with a rigid band model. 

support a density of states variation similar to that of the critical 

temperature. The band structure density of states, Nb (E), for bee s . 

elements Nb, Mo, W (30 , 31 ) exhibit a double peaked structure as a 

function of the number of electrons per atom. Use of the rigid band 

model is based on the assumption that, for metals with a common crystal 

structure, as one moves through any one of the series of transition 

metals the shapes of the electronic energy bands are not altered, 

apart from scaling due to differences in the lattice constants, and 

all that happens is that the number of conduction electrons per atom 
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is changed and the position of the Fermi level changes accordingly. 

The rigid band model has successfully predicted the shapes of the 

-Fermi surfaces of a number of transition metals( 32 ) and has-been quite 

popular in the past. (33 ) The model works best for nearest neighbors 

elements and dilute alloys. 

More recent investigations of superconductivity in transition 

metals suggest that N(o) plays a very minor role and it is an average 

sauared phonon frequency ( w2 ) which governs the behavior of T . (l, 2 , 34) 
c 

This development began with McMillan( 2 ) who has shown through a 

sui table defini ~ion of ( w2 ) ( Eq. IV .16) , that the electron-phonon 

coupling strength is given by 

N ( o) ( J 2 } A = 
M < w2 

> 
(IV. 17) 

and that the product N ( o) < J 2 > , determined from expe;riment al data, . 

is relatively constant for the five bee elements V, Nb, Ta, Mo and W, 

even though both N ( o) and ( J 2 > vary by an order of magnitude. 

Consequently for these materials 

·. ' (IV. 24) 

where C is a constant (rv 7 eV/A2 ). and the variation of. A and hence 

T is essentially a function of < w2 > • 
c 

Assuming ( w2 ) l/2 
1'::1 8D' and appealing to experimental 8D from 

low temperature specific heat measurements, shown in Fig. 28, one 

observes that eD can adequately account forthe Tc trends in transition 
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metals. But eD is not independent of N ( o) • For a simple model of a 

solid, e.g. a free electron gas in a positively charged ion gas, it 

is shown in standard solid state physics texts( 35 ) that 

8 a: N(o)-l/2 
D 

(IV. 25) 

This is merely due to the screening of the longitudinal vibrations of 

the ions by the free electrons (longitudinal vibrations are the only 

allowed polarization in a gas). While this simple formula cannot 

strictly apply to any metal, let alone transition metals, the 

experimental N(o) and eD exhibit a broad trend of the fo,nn 8D a: N(o)~112 

with a flattening off at low N(o), as shown in Fig. 29 and 30. 

In general, one expects the lattice frequencies to scale 

fundamentally with the cohesive energy within a given cr~stal structure, 

being modified by the eiectrons capable of screening the ion-ion 

interactions. These electvons are just those at the Fermi level-

N(o). That this is the case is apparent in Fig. 28(a) and (b) where 

8D increases progressively within the bee phase with strong structure 

due to N(o) variations. Consequently N(o) cannot be eliminated from 

a position of importance in determining the observed T variation. c 

Just how.well does the Debye temperature, 8D, correlate with 

T ? The question may be turned' around and can be answered by 
c 

calculating 8D from experimental Tc data using the McMillan equation( 2 ) 

for strong coupling superconductors, 

T = ( w } exp 
c ( 

- (1 + A) ) 
. A-l.l*(l + . 6A.) 

/ 

(IV. 26) 
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which has incorporated the effects discussed in Section IV. A. 

The Coulomb repulsion term ~* is interpolated from experimental 

valuest obtained,for the elements arid the electron-phonon coupling 

constant, A., is that due to .BLF (Eq. IV. 19). 'Calculation of 8D, 

assuming < w ) 1.45 en and < w2 > ~ 2 also serves as a test of. the = en, 

BLF model. The results of this calcualtion are shown in Fig. 31 

two differ:eat Ec models: (l) heats of sublimation il~ and (2) a 

triangular peaked cohesive energy as suggested by the d-band con

tribution to E fro~"Watson and Ehrenreich( 24)with a peak midway 
c 

for 

between Mo and Tc. The correlation of 8D with Tc is thus seen to be 

quite good. However the results are not terribly sensitive to the 

cohesive energy m~del, although Ec(peaked) does a littlebetter job 

in the Mo-Te region. Poor agreement is obtained for Ru and can be 

due to two factors the McMillan equation is strictly only valid in 

the bee region and q
0 

is assumed by BLF to be constant for an entire 

transition series. A change of crystal stru~ture will change the 

value of the constant, w/w = . 6 , in Eq. IV. 26, but is not a large 
• 0 . 

effect (w
0 

is the phonon cutoff frequency). The value of q
0

, 

representing the exponential decrease·, e -~r, of a d-wave function in 

the region of overlap, is expected. to increase in going from Zr to Ru. 

The reason for this is that the atomic radius, r
0

, decrease from Zr to 

Ru and q ~ 1/r . Taking the latter correction into accountwould in-
o 0 

crease 8D at Ru resulting i~ better .agreement with experimental 8D. 

The peak in Ec is not observed in the crystalline Tc data. This 

seems to be due to the dominance of the rapidly changing 8D which enters 

t Results from isotope effect measurements. 
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the exponential as eD2 
in the region of the cohesive energy p~ak. 

Many of the equations and arguments presented in this section, as well 

as similar calculations, will be applied to the critical temperature 

results for the amorphous transition metals. 
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V. DISCUSSION 

It is recognized from the inception that data of a different 

sort such as specific heat or phonon properties are needed for a 

better understanding and interpretation of the critical temperature 

data, as well as an independent check on the ideas expressed here. A 

similar comment could be made regarding the structure of these films 

and the nature of the annealing process; identification of the precise 

short range order and observations of1 the phenomenon by field ion -

microscopy would be desireable. Nevertheless it is in the spirit of 

having found an interesting and new behavior and struggling with an 

explanation of it that I proceed. 

A. Superconductivity 

1. Correlation with Atomic Properties 

The most outstanding observation is that the transition tempera-

ture exhibits a single peak near the middle of the d-series for 

vapor quenched 4 and 5d transition metals. Near the peak the T ' c 

would represent the position (e/a) at which the d-shell of the atom 

becomes half-filled with five electrons of the same spin orientation. 

This is the maximum allowable number of unpaired d-electrons, nud' in 

a d-shell. Generally, in the gas atoms the electrons would prefer 

energetically to go :tnto separate orbitals with parallel spin before 

filling any orbital with two antiparallel spin electrons (Hund's rule). 

Hunds rule arises because of the exchange energy which expresses the 

energy decrease due to the strongly correlated motion of parallel 

spin electrons. Since there are five d~electron orbitals the 
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maximum number of parallel spin electrons (or unpaired electrons) is~ 

also five. Addition of one more d-electron beyond five decreases nud 

since the d-orbitals each have one electron of, say, spin up, and 

it must enter an orbital with spin down (Pauli principle). Thus nud 

decreases from 5 to 4, since one orbital is filled with two anti-

parallel spin electrons. 

The peak in T does not occur at the same e/a for both the 4 and 
c 

5d transition metals, nor does the p~ak in the number of unpaired 

d-electrons in the atom. The correspondence in the two maxima, T c 

and nud' for each series are illustrated in Fig. 32. The correlation 

is strikingly good and doesn't end at the approximate position of their 

respective maxima. For a given e/a the series with the larger nud 

also has a larger T • Thus if nud ( 4d) > nud (5d) such as for·Nb and Ta, c 

then T ( 4d) > T ( 5d) or if n d ( 4d) < n a'5d ) such as for Ru· and' Os, 
c c u u 

then T ( 4ci) < T ( 5d). However superconductivity occurs in the solid c c 

state (at least up to the present) and it is the properties of the 

solid with which one wishes to compare or interpret the results 

presented in section III. It is expected that as a result of the 

correlation between an atomic property and T , that the atomic c 

property would be carried over into the solid. This is not an unusual 

expectation since d-electrons have characteristics which reflect both 

atomic- andbarici-like properties. 

2. Electronic Density of States and Factors Influencing It 

The critical temperature for the amorphous metals varies by a 

factor of 10 in the range investigated here compared to 103 for the 

corresponding crystalline region. Consequently very little variation 

in g, the net coupling parameter, in the equation 
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T c z < w ) exp (- ~ ) (V.l) 

is necessary to account for the T data. In fact, assuming ( w ) c: 
c 

constant on the order of 300°K, g is found to vary at most by 30%, com-

pared to a factor of 5 in crystalline transition metals. Assuming 

a constant for the pre-exponential ( w ) is reasonable at first sight 

in a BCS expression for g(=N(o)Vatt) because of the dominance of the 

exponential factor; this wouldn't be a bad approximation even· for 

ctystalline transition metals. Later it is shown through calculation 

that (w ) is approximately constant in the amorphous metals. 

-Using the BCS expression, Eq. IV.l, and assuming Vatt. is con

stant as done for the crystalline TM in IV, one readily finds that 

N{b) nrust vary smoothly for the amorphous TM' s, with a slight peak at 

the e/a where T reaches a maxinrum. In actual fact allowing V to 
c 

be constant in the crystalline TM's is seen to be only a fair 

approximation when Vis calculat~dusing Tc, 8D and N(o) data. 

Consequently it cannot be assumed to be any better for the amorphous 

TM's. Despite this neither N(o) nor Vis allowed to vary considerably 

unless they do so in an opposite manner, one increasing while the other 

is decreasing. That they do vary in an opposite manner has been 

demonstrated in the crystalline TM's where V is known to decrease as 

a function of N(•o) because of the screening due to an increasing N{o). 

It turns out that N(o) dominates the quantity g. 

The next question concerns itself with the possible cause of 

the lack of structure in N(o). One may intuitively assume that in 

a highly disordered state all structure in N(o) is smeared out, 

C•, 
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reducing N(o) where it exhibits a maxima (near Nb and Ta) and increasing 

N(o) where it exhibits minima (near Mo and W). 

Such an explanation is given by Crow et al. ~ (36 ) to explain the 

decrease in T of Nb and the increase in Mo and W. The smearing in 
c 

N(o) arises in their explanation by an uncertainty principle argument~ 

viz.~ an electron has a mean free path .Q.- loA and a Fermi velocity of 

108 em/sec resulting in a lifetime or time between collisions of 

-15 . 
-10 sec. Employing the uncertainty principle~ ~~t- h, one obtains 

~E"' leV. A smearing about the Fermi level of leV will surely decrease 

N(o) in Nb and increase it in Mo and W, since Nb lies near a peak and 

Mo and W lie in a valley in N(o). Evaluating an averaged density of 

states' NTOT , taken over a leV interval about each point from a bee 

band structure calculation yields a NTOf variation somewhat smoother 

but still very much like that of the crystalline TM's and incapable 

of·explaining our data. 

Other types of smearing or alterations are possible which would 

strongly alter N(o). These include a smearing due to a variation in 

the number of nearest neighbors and an alteration of the effects of 

s-d and d-d hybridization que to the loss of symmetry and change of 

short range order. The difficulty lies in a means of making these 

possibilities quantitative. Using the band structure calculations for 

bee Nb,( 30) hcp Re( 37) and fcc Pd( 3B) and normalizing the band widths 

to the same value, the resultant average N(o), assuming equal weight 

for each structure, lacks the large scale structure observed in the 

individual crystalline N(o). The weight one should ascribe to each 
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possible configuration is unknown and thus this procedure reduces 

to a fitting game trying all possible combinations. I think it 

sufficient here just to indicate, as above, that the presence of a 

variation in the types of configuration present in the amorphous state 

would smear out the N(6) .as a function of e/a. 

The form of short range order, i.e., the ntimber.of nearest 

neighbors and their interatomic sapcing, will introduce a 'band 

structure' all its own. Several different considerations suggest that 

this short range order Will tend to be close packed (see V.B). As a 

consequence one would be interested in band structure calculations for. 

all the TM elements assuming they take up an ~cp or fcc structure (e.g. 

including Nb, Mo etc.). Snow and Waber( 39) have done this for the 3d 

transition series but only from Cr(Mo in 4d) to :rh(Pd in 4d), and 

obtain for the fcc structure a N(E) with less large scale variation 

than for the bee structure. Furthermore the entire band shape i.e., 

N(E) vs. E takes on a broad single peak behavior to a first approxima-

t . "all "f f th 2dn-l t.h dn f_. t• · 1on, espec1 y 1 one avors e s over e s · con 1gura 1on 

· (39) 2 n-1 
in the solid. According to Snow and Waber, the s d is to be 

preferred since the Fermi levels and energy. states lie at larger 

energies in the sdn configuration; this is a reflection of the .large 

electrostatic repulsion between d-electrons. This is not to suggest 

that the.as deposited structure of these films is fcc but rather 

that the short range order is perhaps more toward this type of 

configuration. 

( I .. , ... 
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Changes in N(o) due to changes or elimination of hybridization 

coUld be, extensive. Hybridization or mixing of s and d-bands when 

there is a degeneracy occurs because the plane waves, when expanded in-

to spherical harmonics about each site, contain 1 = 2 angular momentum 

components which are not orthogonal to the atomic. like d-functions, 

also of R. = 2. This results in nonzero off-diagonal matrix-~elements of 

the crystal potential <'s I V I d) , which causes a splitting of an 

otherwise pair of overlapping bands, Fig. 33, at and near the point 

where they cross into two separate bands (dashed lines) neither of 

which has a pure s or d character. The lower band after mixing has s-

like character near ! = 0 and d-like behavior for large ~; the upper 

band being just the opposite. Figure 33(b) schematically shows the 

effect of hybridization on the density of states N(E); this ' was con,.. 

f dS 
structed in a free-hand manner noting that N(E) a: l'iJkE 1 where' dS 

is an element of the surface of energy E. As a further example of the 

effects· of hybridization. on N(E), Hodges et a.l.. ( 40) have obtained N(E) 

from band structure calculations of paramagnetic Ni both with and 

without hybridization. The effect due to hybridization is quite 

significant; several large peaks have disappeared or have been shifted. 

The pronounced dip in N{o) at the center of the transition 

metals, as exhibited by specific heat measurements and reflected in 

Tc for the crystalline metals, is often explained as the result of 

s-d hybridization in the bee elements. {29 ) FUrthermore if hybridization 

is responsible for the gap it is likewise responsible for the position 

of the peaks especially those on both sides of the gap, since states 

have been removed from the gap region and pushed to higher and . .low.er · 

.·.·l,_ 
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energies. This large dip is not found in the fcc structure. Thus 

the symmetry of the lattice plays a role in determining which d-bands 

are allowed to hybridize in the different symmetry directions in 

~-space, as emphasized by Heine( 4l)., The elimination of symmetry, 

except for some short range effects, as expected in the vapor quenched 

transition metals, will thus play a strong but quantitatively 

undetermined role in altering the density of states. 

All such points at which I Vk E (k) I = 0 are referred to as 
n"' 

critical points; these critical points produce singularities in the 

density of states N(E). This can be seen from the relation 

2 N ( E ) = _...;:'"-:-
(2'rr)3 f dS (V. 2) 

IVkE (k) I 
.. n"' 

where dS is an element of area on the constant energy surface, 

E(k) = E. The vanishing of I 'il,kE(_!s) I is assured at certain symmetry 

points. Important critical points can also occur at general points 

in the zone as well. It is a general topological requirement arising 

from the periodicity of the lattice that a minimum number of critical 

points must occur in the spectrum( 42 ): In practice it is often 

difficult to locate these because of the complexities of energy band 

surfaces and the overlap of several critical points. 

The point to be made here is that this topological requirement 

would not be expec_ted to be valid in an amorphous structure. Thus 

any N(E) structure due to these re-quired critical points would possibly 

be absent, another consideration which leads to a smoothing out of the 

N(E) structure. 
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The T data, in analogy with the.crysta~line case, suggests the 
c 

presence of a structureless, nearly flat or perhaps slightly peaked 

d-band. The lack of fine structure in the T surely implies the loss ' c ' 

of peaks and valleys in the dertsity of states. All the effects 

presented above point toward the smearing, elimination and/or 

rearrangement of N(E) structure as a function of E or the e/a (since 

they are related) from the crystalline case. 

Some divergence from the above view, though quite small, needs 

to be made for the 5d.critical temperature data which exhibits an 

increasing slope in T versus e/a progressing from W toward Re. That 
c 

is, the above band has some lumpiness, though quite small. 

3. Cohesive Energy 

' 
An -explanation of the form of the amorphous T data in terms of 

c 

the cohesive energy is strongly encouraged by the derivation of BLF 

relating .A toE (d) and the calculations of E (d), discussed in IV.B. c ' c 

For the 4d. series ,the T c peak at e/ a .~ 6. 4 corresponds quite well 

to an interpolated peak in E (d) ate/a"' 6.5(·(Table III). Similar calc 

culations for the 5d series have not been performed. Heats of sublimation 

indicate a peak at W(e/a = 6). However the chemisorption energy 

results of Plummer and Rhodin( 26) exhibit a peak at or near Re(e/a = 7·), 

very close 'to the T peak at·e/a"' 6.6-7. Furthermore even the form of 
c 

LlE (see Fig. 26) is pres:ent in the 5d T data (Fig. 18), as evidenced 
c 

by the accelerated increase--in LlE and T in going from W toward Re. c 

It is not unreasonable to assume that the position of the half

filled d shell (nud = 5) in the atom f 

t 
In the 4d atoms nud = 5 at e/a = 6 and 7 corresponding Mo and Tc, 

respectively;. nud = 5 at e/a = 7 for Re in the 5d atoms. 

~-. 

• · . .J 
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is approximately carried over into the position of the half-filled 

d-band in the solid. Since the e/a position of a half-filled d-band 

corresponds to the maximum in E (d) one hii.s the correspondence 
c 

between Tc' Ec(d) and atomic properties (nud). 

The above assumption is subject to some error. In going from 

the atom to the solid there can occur a change in the number of sp and 

d electrons corresponding to the proper atomic configuration prior to 

bonding in the solid. This objection can be countered insofar as the 

position of the peak is concerned; the number of d electrons is not 

expected to be altered for Mo (and Tc)•and Re.on going into the solid. 

This statement is based on Engel-Brewer predictions of the number of 

sp and d electrons giving the maximum cohesive energy; Brewer(lB) 

gives the electronic configurations in the solid as d5 s for Mo and W, 

and d5sp for Tc and Re. 

Proceeding as in IV for the crystalline transition metals 8D 

can be calculated from Eq. (IV.26) using amorphous Tc data. In this 

calculatibn both 6~ and a Ec ·(peaked) were tried, ll* was assumed 

constant (.13) because of the presumed lack of structure in N(o) and 

ll . was interpolated from values for the elements (this is a rather spJ.n · 

small term).t The interesting feature is that eD varies by less than 

15% as a function ofe/a, as shown in Fig. 34. 

Intui'tively one would expect 8D to increase with cohesive energy 

assuming all either factors such as short range order are equal. It 

must be remembered that <w2 >1 / 2 ,··substituted by eD, is defined in 

t 
llspin is discussed in V .A. 4 and its introduction into the Tc equation 

is presented. 

'~· 
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terms of the electron-phonon interaction via Eq. (IV.l6). Consequently 

t:he effects of cohesive energy on this calculated 6D may not be present. 

Perhaps what can be claimed here is that the approximate constancy of 8D 

(calculated) .represents the density of states, N90), contribution to 

6D as indicated by Eq. (IV. 25). The nearly constant N(o), indicated 

in V.A.2, is in agreement with this possibility. Thus specific heat 

measurements would .be expected to demonstrate ~ 6D of nearly the same 

form as the cohesive energy .. The remarks made in IV regarding the range 

of applicability of the T equation and the value of q are applicable . c 0 

here. 

4. Magnetic Effects? 

An extrapolation of the linear T behavior to the right of the 
c 

peak in the amorphous 4d transition metals is found to go through zero 

at Pd(e/a = 10), the end of the 4d series. The sharp change of slope 

at- Mo.
50

Ru.
50 

(e/a = 7) prevents this from occurring. A more rapid, 

but less evident, decrease in T is also observed at the beginning of 
c 

the series for Y~Zr alloys. In the 5d series T projects toward zero 
c 

for Re-Ir alloys at an e/a ~ 8.7, while Ir(e/a = 9.0) in the crystal
\ 

line state is a superconductor. 

These apparent cutoffs in superconductivity at the ends of the 

series require some discussion. Here it is necessary to indicate 

possible magnetic effects and the behavior of crystalline T in these c 

regions. 

The superconducting coupling parameter, g, is found to decrease 

rapidly near the beginning and end of the crystalline 4d and 5d row. 

While T falls off rapidly here the paramagnetic susceptibility 
c 

becomes anomalously large, (29 ) suggesting that there may be strong 
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ferromagnetic exchange forces enhancing the spin susceptibility and 

presumably also, suppressing superconductivity for singlet spin pairing. 

Physically, the interaction can be visualized by considering a 

spin up electron which is surrounded primarily by other electrons of 

spin up. This is due to an exchange interaction (weak) favoring 

parallel spin. Since the electron;..phonon interaction is short range in 

space, a spin down electron which attempts to decrease its energy 

through the phonon attraction produced by the spin up electron will 

see a region of unfavorably: oriented spins i.e. it-will see a region 

which would prefer to have another spin up electron naarby by virtue 

of the exahange interaction. This results in an effective exchange 

potential barrier separating opposite spin electrons. The singlet 

1 1 state formed by antiparallel electrons (S = s1 + s 2 = 2 -· 2 = 0; ·such 

that 28 + 1 = 1) can be made unfavorable for superconductivity if this 

polarized spin region or spin fluctuation is -sufficieritlyextensive 

in space and persistent in time to dominate the electron-phonon 

attraction. 

Berkc:and Schrieffer( 43 ) have shown from _first principles that 

spin correlations arising from strong Couloinb interactions between 

valence electrons lead to enhanced singlet state repulsion. This has 

the effect of increasing the Coulomb repulsion term from ~* to ~* + 

~spin' where ~spin is the effective electron-spin excitation coupling 

constant. For-strong coupling superconductors 

A 
g = ----~--------

1 + A + ~spin 

-! 

+ ~ . )( 1 + • 6A ) 
sp~n 

1 + A + ~ . 
sp~n 
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where 11 • also enters the electronmass renormalization term, sp1n 

1 + A + 11 • • This represents the inclusion of ·ll · . in the McMillan sp1n spl.n 

expression forT , Eq. (IV. 26). 
c 

Our lack of knowledge of 11 • , which is quite small in most sp1n · 

superconductors, will only lead to small error.s in T c except near the 

ends of the transition metals series. Empirical values of 11 • , sp1n 

apparently obtained from the difference between 11* determined from the 

isotope effect and 11* (44 , 45 ) are presented in Table IV. for the . calc. 

3,4 and 5d elements. 

One simply expects 11 to decrease on going from 3d ~ 4d ~ 5d, spin 

from the knowledge that magnetic effects diminish progressively as 

une goes away from the 3d elements which exhibit ferromagnetism. 

This is indicated in Table IV. Berk and Schrieffer(43 ) estimate 

11 • to be about 0.9 for Pd; thus according to a rough criterion for sp1n . 

ferromagnetism 11 • > 1, Pd borders on becoming ferromagnetic and 
spl.n -

exhibits a very strong mass enhancement ~ 4. Andres et al. , 
(46) 

predict that Pd will not superconduct at any temperature and Jensen 

et al., (47 ) argue that the T decrease in Os-Ir-Pt solid solution 
c 

data is due to an increasing spin susceptibility derived from spin 

fluctuations. 

It seems likely that spin fluctuation effects due to Pd and 

perhaps even Rh would decrease T in the indicated manner for amorphous . c . 

transition metals; that Ru would cause this decrease,~·as a result of 

some form of incipient magnetism seems surprising or at least so in 

terms of the properties of crystalline Ru (failure to exhibit a large 

paramagnetic density of states). Nevertheless such a possibility 

remains unknown at the present time. The possibility of Ir causing 



Table IV. Effective Electron:-Spin Excitation CouplingConstant 

'--

0 35. Element 11spin 4d Element 11 spin ° 

5d Element 11spin 

Sc ---- y La,Lu 

Ti '\J • 05 Zr '\J . • 04 Hf ':\! .03 

v '\J • 05 Nb '\J • 01 Ta '\.. . 01 . 

Cr AF Mo '\J • 00 w '\.. .00 
I 

1--' 

Mn AF Tc '\J • 00 Re '\J • 00 0 
en 
I 

Fe F Ru '\J • 03 Os '\.. .02. 

Co F Rh Ir '\J • 06 

Ni F Pd '\.. 0.9 Pt 

All values are given by Garland and Bennemann( 45 ) except Pd which was estimated by Berk and 

. (43) Schrieffer. · · 

AF - antiferromagnetic 

F - ferromagnetic 

01 
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a decrease when added to amorphous Re, even in the smallest amounts, 

seems more likely in view of its larger spin coupling parameter, 
I 

l..l • ~ 0.06. spln 

Other possible explanations include: (1) charge transfer effects 

and subsequent breakdown.of the rigid band model; !J.Z = 2 for Mo-Ru and 

Re-Ir alloys artd (2) band structure smearing in Re-Ir~ alloys. 

Crystalline Relies in a broad density of states ~nimum( 37, 4B) with 

a large peak in N(o) just below the Fermi level (at lower e/a); band 

structure smearing would increase N(o) and T . The subsequent decrease 
c 

with Ir concentration could reflect the form of the smeared N(o) 

peak. A similar explanation for Mo-Ru alloys would be a bit difficult 

to construct. 

5. Other Models and Interpretation of Other Data 

Several other models or ideas as well as correlations have been 

presented in the literature which deserve coinment especially in light 

·of the data presented here. Other data is also subject to reinter-
'· 

pretation as a result of this work. 

a. Lattice softenin5. As indicated in IV, McMillan( 2 ) found 

empirica~lly for the bee transition elements and theorictically for the 

non transition metals that A. ac; 1/( w2 ) • By reducing ( w2 ) , transition 

temperatures may be enhanced and proposed models to accomplish this 

include very thin films, (49 ) films composed of small metallic 

crystallites, amorphous metallic granules and homogeneous amorphous 

alloys. ( 50) 

The lattice softening model has been thought to be successful 

in explaining the enhanced critical temperatures of non 'transition 

metals ( 50) prepared in the form of small crystallites, (5l) condensed 
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on low temperature substrates(52 ,53 ) and codeposited with other 

elements to induce disorder. (54~56) Tunneling results of vapor 

deposited elements and alloys have generally verified the decrease in 

< w2 ) as responsible for the enhanced critical temperatures. (S7 ,5B) 

However, tu:~meling measures the quantity a.2 (w)F(w), and" recent ~pecific 

heat measurements ( 59 ) and theoretical development( 60 ) indicates that 

a reduction i.n < w2 ) via a change in the phonon spectrum F(w) may 

not be the dominant factor accounting for T increases. 
c 

Lattice softening, as the only mechanism, is insufficient to 

explain the data for transition metals since it only predicts increases 

in T . Neglect of electronic property changes in materials exhibiting c 

large scale structure in N(o) and complicated banq structures makes the 

softening model incomplete even :!;hough a decrease ~in ( w2 ) is expected. 

For eD to increase one needs a mechanism countering the simple 

lattice softening idea. This is provided by the change in N(o). A 

large N(o) has been shown to correlate with a low eD' a result of the 

increased screening of ion-ion interactions by the electrons. If N(o). 

decreases, which is likely for the amorphous Nb-Zr alloys, 8D is 

correspondingly increased. This would counter the decrease in eD due 

to decreased symmetry in the amorphous films. 

In situations where a very large increase in T ,is observed, e.g. 
c 

in W the increase is qy a factor of 'V 300, in Mo a factor of "' 10, both 

contributions would enhance T ; · N(o) increases by band smearing if 
c 

nothing else.and 8D decreases from the increase in N(o) as well as 

from lattice softening. 

However a fortuitous combination of N(o) artd lattice softening 

would be required to yield a T maximum in the middle of the d-series 
I c 
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in such good correlation with atomic properties. Thus while some of 

these effects may be present it would be difficult to verify such 

a correspondence. 

b. Size effects. The effect of small particles and disorder upon 

. (50) . (2) 
T has been dealt with by Garland et al and McM1llan. . However~ 

c 
. ( 61) 

Rothwarf has introduced two other considerations not included in 

the small partic~e case and which have not yet been commented upon 

in the literature. The first of these is a low frequency cutoff to 

the phonon spectrum due to the quantization of the phonon momentum, 

q~ in a small particle, i.e.~ q 2' 1T/d~ where dis the grain size. The 
I 

second is the effect of real or thermal phonons on the transition 

temperature. Rothwarf's argument for an increase in T due to these - c 

effects goes as follows: The number of pair breaking phonons to 

destroy superconductivity is the same in the bulk and in the small 

grained sample; Since the low frequency thermal phonons are eliminated 

from the small grains, a higher critical temperature can be reached 

before the necessary number of pair breakiilg phonons can be produced. 

However, it is noted that for the formation of Cooper pairs the 

exchange of virtual phonons with.large q("'qD) is important and that 

for these phonons the density of states is large. Furthermore, 

(62) 
according to Appel, thermal phonons have only a small effect on 

T for low T metals such as those considered by Rothwarf (Al~ Sn and 
c c 

Pb). Another objection to Rothwarf 1 s. suggestion is that the small 

particles are not isolated from each other and thus the boundary 
. ' 

condition will in general not be such that the maximUm. phonon wave-

length is restricted to twice,the grain size. 
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This model predicts only increases in T and is not considered 
c 

applicable to the amorphous TM's. 

Cohe~ive energy and crystalline T . 
c 

. ( 63) 
Engelhardt et al., ·have c. 

argued that there exists a correlation in cohesive energy and super-

condu.cting transition temperature· for . crystalline transition metals. 

Their argwnent is nearly the opposite of-that presented in V.A.3. The 

claim is that the highly stable half-filled d shell, which maximizes 

the cohesive energy, interac~s weakly with s electrons resulting in 

low T ,e.g., in Mo and W. The small S'-d interaction is evidenced by . 
c 

the T5 behavior of the resistivity of Mo and W; this is the same tem-

perature dependence observed in non-transition metals. A T3 resistivity 

behavior is associated with a large s-d interaction, e .• g-. in Nb, Ta and V. 

They claim that the source of the large s-d interaction is due to the 

tendency of valence electrons in column V elements to assume the 

more stable configuration of column VI (Mo, W) i.e. five d electrons. 

Physically, a metastable d state configuration is formed by s-d 

scattering. When this occurs on two neighboring Nb atoms the pair 

will have a gre~ter lifetime than one of them because of the enhanced 

cohesion between them. Because of this driving force for enhanced 

cohesion there is a large attractive s...,d interaction and correlation 

of conduction electrons resulting in a high T • 
- c 

This argum~nt neglects the fact that the minimum in T corresponds c 
. . 

very well with the minimum in the electronic density of states 

(Nb. 
30

Mo. 
70

) rather than the maximwn in the cohesive energy (Nb). -- In 

fact all the bee 

well with N ( o ) . 

elements and alloys have T that correlate reasonably 
c 

I . 

The"correlatiqn dr£ T and E for crystalline TM's _c c 

is not very good as indicated by the oscillatory T behavior with the c 

~ .-.-. 
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near parabolic E . Further the electron-phonon coupling constant, A, 
c 

has been shown by BLF to be proportional to the cohesive energy. If 

a minimum in T were associated with a half-filled shell such a minimum 
c 

might also be expected iri the amorphous transition metals. 

d. Other data. Investigations of grain size effects and disorder in 

transition metals have appeared over the past two years. (36 , 64 , 65) 

My purpose here is to integrate these data irito the present work. 

1. Molybdenum has been co-sputtered with a variety of elements 

(Be, Ge, La, f1;1g, pt, Y, Zr) and quartz onto a substrate at 77°K. ( 64 , 65) 

A T - 2°K was obtained for pure molybdenum; enhanced critical c 

temperatures reaching a maximum between 5.7 and 8.1°K were obtained 

upon codeposition with the above materials, at compositions in all 

cases of less than 30 at. %. The grain size was observed to decrease 

with increasing concentration of the second material below the limit 

of resolution of the electron microscope. The maximum T occurred 
c 

within the amorphous region. Critical temperatures then decreased at 

higher concentrations. The enhancements were interpreted as consistent 

with a lattice softening model. 

Molybdenum undergoes the "amorphous" to crystalline transformation 

between 40-60°K. Consequently, the higher temperature substrate, 77°K 

instead of 4.2°K as in the present work, (and perhaps the lower rate 

attendant with sputtering). prevented Hanak et al .. from observing the 

T of 8. 3°K fpund in this work for pUre Mo .. · c 

The addition of a second element makes it possible to form an 

amorphous structure at higher substrate temperatures. Thus the 

maximum enhanced T 's with codeposition reflect the amorphous-state; c 

the T approaches that of pure amorphous Mo but fails to reach or 
c ' 
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exceed it as a consequence of the chosen codeposited elements. 

The lattice softening model may be applicable, at least in part; 

but what is perhaps more significant is how well the data fits the 

amorphous T results. The only data useful ana/or available for 
c 

comparison is the maximum T for the transition metal elements Y, Zr, 
c 

and Ft codeposited with Mo. La is excluded for a variety of reasons, 

most notably its lack of agreement with physicai'properties of its 

isoelectronic neighbors, Sc and Y. The maximum T for Mo-Y is 6.3°K, c 

Mo-Zr is 5.4° and Mo-Pt is 7.0° at e/a ratios of 5.4, 5.2, and 6.5, 

respectively. Tc for Mo:
7

BY. 22 lies on the amorphous 4d Tc curve 

between Nb and Mo while Mo. 60zr. 40 is slightly low. Platinum is the 

only transition metal added to Mo with a larger e/a, also it is a 5d 

element. Had Pt been added to amorphous Mo instead of having to help 

make Mo amorphous it is very likely that even at low concentrations 

it would have decreased the T : This guess is evidenced by the fact 
c 

that Pt did not produce a peak with T > 8.3°, as was observed for Re. 
c 

Several factors could cause this - the large charge difference between 

the elements (b.Z = 4), the high magnetic susceptibility associated 

with Pt, or the atomic volume difference. 

2. There is some difficulty in achieving eith~r the amorphous 

state or the true amorphous T for .elements and is evidenced in , c pure 

the lower Tc data for Mo (6. 7°K) by Crow et al. (36 ) and Mo ( 6. 5°K) and 

Zr(2. 7°K) by Gamble et al. (4 ) The sensitive factor seems to be the 

lower rates employed by the latter, - J) A/ sec. for Crow et al. In 

this work the highest Tc for Mo, 8.3°K, was attained at a rate 

> 200 A/ sec and lower rates between 20-100 A/ sec. result.ed in reduced 

T 's ranging from 6.7 to 7.2°K. That 8.3°K is the true T of amorphous c c 

... 
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Mo is evidenced by the T data for Mo rich alloys on both sides of Mo. 
c 

The higher T of Zr, 3.3°K, is also confirmed by alloy data. 
c 

B. Structure and Stability of Vapor Quenched Transition Metals 

A previous study of the structure of vapor .quenched 4d transition 

metals and a comparison with annealing data has been given by Loop 

et al. (66 ) This discussion is an extension of that work including 5d 

transition metals and. high temperature annealing results. The 

fundamental difference however lies in the broader interpretation 

given here, with emphasis upon its meaning for superconductivity. 

Also from the transformation data accumulated in this work as well as 

that of others an "irreversible phase diagram" is suggested for 

amorphous alloys. It is found that the criteria given by Mader( 67 ) for 

the formation of amorphous alloys as w:ell as the transformation tem-

perature is incomplete. 

1. Structure 

With the exception of some hcp elements (Zr, Ru)., grains, if 

present in the as deposited films are less than 2oA in diameter. This 

is based on electron microscope observations of untransformed films 

in the best resolution condition. Further if grains - loA in diameter 

·had been present it is likely they would have been observed though 

less well resolved. Difficulty arises in attempting to see let alone 

resolve small grains (-lsA) in a film many grains thick (- 500-lOOOA), 

primarily due to diffuse scattering. However·no grains were observed 

on edges in thin portions (~ lOoA) of the films (created by removing 
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the film from the substrate). 
- -1 

On the basis of electron microscopy observations of a large 

number of films the transformation indicated by the sharp resistance 

decrease is interpreted as amorphous (short range order) +crystalline. 

This interpretation is further supported by the regular T behavior 
c 

and T changes to or toward CrYstalline values after transforming. c ' ' ·' 

The question arises as to what the short range order may be. 

If one assumes the structure is somewhat like that of a liquid we 

know that bee elements (Li, Na) exhibit an increase in the number of 

nearest neighbors, from 8 to 10 or 11, i.e., toward a more close-packed 

structure with a larger inter-atomic spacing. The d-orbitals of 

.transition metals are likely to maintain considerable control over 

the short range structure in the liquid and many believe it will be 

basically unchanged from that in the solid state. 

Experimental data are suggestive of a close-packed short range 

structure. The 'amorphous' diffraction patterns contain three broad 

haloes capable of being ascribed to the first, third and fourth rings 

of an fcc 

excluded. 

diffraction pattern; the bee structure' is definitely 

Similar patterns are observed by Mader et al., (67 ) just 

prior to transforming to a small grained metastable fcc structure. 

The failure of some hcp (Zr,Ru)and fcc(Ir) elements and dilute alloys to 

exhibit any sharp resistivity decrease upon warming fits well into 

the notion that a close packed structure is representative bf the 

amorphous state i.e. these elements are already close to an amorphous 

structure. Some annealing, though gradual 1s observed and grain 

sizes at 300°K are quite small ("-' 25-lOoA); higher temperature 

. ! 

I'-·' 

.• 
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annealing indicate~ that no grain growth is occurring in Ru. This 

suggests that these elements may have been deposited in the form of 

small crystallitest with T data which still closely parallels that of 
c 

the amorphous films. 

2. Stability 

The pr-esent criteria for the kinetic stabilization of an 

amorphous structurett by vapor condensation of alloys include: 

1) limited terminal solid solubilities of the two compopents, 2) the 

composition range corresponds to the center portions of the miscibility 

gap (allowing for an extension of the solid solubility ) , 3) atomic 

size differences greater than 10%, and 4) an amorphous or atomically 
( 6 '• . 

rough surface. This criteria proposed by Mader B) was based upon hcp 

and fcc elements and as such is not necessarily applicable to the bee 

elements. Furthermore it may not be applicable to all hcp elements. 

The above factors will aid in preparing and stabilizing an amorphous 

structure to higher temperatures but are not necessary for its 

preparation. 

The ''amorphous' structure is believed to be present in vapor 

quenched (.at 4°K) bee elements (and hcp Re) even though not directly 
( 

observed by electron microscopy in the low temperature region where 

they are stable. This is based on resistivity behavior, T data and 
c 

by extrapolation of room temperature {and above) electron microscopy 

observations (see V.B(l)). In general the transformation temperature 

t An interpretation of the annealing data for Ru and dilute alloys is 

given in III. 

ttNeglecting stabilization by gaseous impurities. 
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remains relatively low in the elements ($ 300°K) and increases slowly 

in the single phase solid solution region. Since the atoms are already 

randomly distributed as in a solid solNtion only small atomic 

displacements (low temperatures) are necessary to tri~ger the trans-

formation to the crystalline structure. Where a pair of elements 

form a complete solid solution, e.g. Nb-Mo and W-Ta, tl_le transformation 

temperature remains near to or scales between those Ttr for the 

individual elements (40° to 70°K and 130° to·~ 360°K, respectively). 

The increase of Ttr is_ most rapid as the alloy composition 

moves into a two phase region, illustrated in Figs. 13, 17 and 20. 

For the uniformly mixed amorphous material to transform to the 

equilibrium two phase structure would generally require temperatures 

sufficiently great for diffusion to occur (in an amorphous structure). 

The heat released upon transforming would aid in accelerating the 

transformation. However, the material often transforms to a metastable 

single phase structure prior to separating into two phases. In the 

two phase region near the solubility limit the metastable phase is 

usually that of the neighboring solid solution, e.g., Mo-Re (Fig. 17) 

and W-Re (Fig. 20). The solubility can be extended across the entire 

composition range in simple eutectic systems of elements with the same 

crystal structure and similar atomic sizes. (68 ) More complex behavior 

is found in the two-phase regions of systems composed of elements of 

dffferent atomic size and/or different crystal structure and in 

systems which fc:>JVm compounds. The transformation often goes as 

amorphous metastable crystalli-ne 
structure 

stable two phase 
structure 

I 

i' 

! 
~ I 
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with increasing temperature. 

A typical annealing behavior .can be represented by a form of 

irreversible phase diagramas shown in Fig. 35. In this figure, one 

is allowed to cross a phase boundary in the direction of increasing 

temperature only, due to the irreversibility of the transformation. 

Variations in the form of the phase diagram can occur when in the 

single phase solid solution region the transformation goes f:vom 

amorphous -+ metastable crystalline form. This appears to be occurring 

in the Re-Ir system w~ere Re tra.nsforms to a metastable fcc structure. 

This system is. under further study. 

Crystallized alloyst exhibit grain sizes which are proportional 

to the transformation temperature. This has been directly measured 

for Nb-Zr alloys transforming at temperature less than 300°K (Fig. 17) 

and is found by electron microscopy observation to occur in other 

systems. Grains varied in size depending upon the particular system 

but roughly speaking were :$ lOoA for films transforming at temperatures 

less than - 70°K up to - 10~ for Ttr - l000°K. Heating of films 

which transformed at Ttr :$ 350°K to higher temperatures 700° to 800°K 

tt showed no increase in grain size. Consequently all grain growth 

appears to have occurred during the transformation, as indicated by 

the resistance change. A model of the transformation taking the above 

fact into account awaits further direct observations of the 

trans format ion. 

t Those having undergone the sharp change in resistance occurring in 

the transformation from amorphous -+ crystalline. 

tt 
At least in low Ttr films. 
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The resistance ratio, Rd /R , does not scale with the ep. ann. 

transformation temperature as might be expected from the increasing 

grain size.· Additional considerations, including impurity scattering 

both from the alloying and from residual defects (vacancies, etc), as 

well as a different Fermi surface topology inmetastable structures 

(extended solid·. solubility) contribute to R . (T ) . 
ann . ann 

Presumably, the resistance ratio behavior as a function of 

composition can be explained by two factors - the increasing grain 

size with composition that increases the ratio and the increasing 

impurity scattering which decreases it. For the smaller concentrations 

the grain size effect is larger and Rd /R increases; at higher ep ann 

concentrations even though larger grains appear, the increasing 

impurity contribution keeps R . large and Rd /R decreases. In ann. ep ann 

one (Re-Ir) Rd/Ra decreases from the element value with increasing 

concentration but this i~ complicated by the presence of two phases. 

The as deposited resistivity showed no concentration dependence in 

agreement with Mader( 67 ) for Cu-Ag and Co-Au alloys. 

The cause of the negative temperature coefficient of resistance 

(TCR"' -.01 to -.05 r.l/°K) for all amorphous films is not yet understood. 

Each film which had undergone the amorphous to crystalline transforma-

tion exhibited a positive TCR after the transformation. Negative TCR's 

are found in semiconductors, insulators and many materials exhibiting 

magnetic phenomena. In very thin (a monolayer or less) metallic films 

made up of isolated grains a negative TCR may be the result of a 

thermally activated conduction mechanism such as thermionic emission or 

/ 
quantum mechanical tunneling. The films discussed in this work are 

too thic.k ("' 500 - 120oA) for the formation of spatially isolated 
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particles. However the formation of a network type structure with 

microvoids cannot be excluded. 

Three possibilities are suggested for the negative 'l'CR in these • 

films: 

(1) A magnetic effect occurriil.g as a result of a change in 

interatomic overlap of the electronic vravefunctions in the 

amorphous state relative to the crystalline state. This might be 

expected if the average interatomic distance is increased resulting 

in the possible existence of a sufficiently long lived localized 

moment. 

(2) The presence of oxygen impurities w·ithin the film. 'rhe 

electrical resistance can then ·be composed of two contributions~ 

that of the metal and the oxide. !n the amorphous state the 

negative TCR of the oxide and the near zero TCR expected of an 

amorphous metal because of atomic disorder would result in a 

negative 'I'CR. After the film has crystallized the reduction in 

the atomic disorder scattering allow~ the electron.:..phonon 

contribution to dominate the TCR of the metal. The positi-ve TCR 
, I . . 

of the crystallizedmetal. would then have to be greater than the 

negative TCR of the oxide in order to agree vTi th observations. 

Also, the chemical state of oxygen impurities may also be altered 

as a result of the amorphous to crystalline'transformation. 

(3) A difference in thermal expansion coefficients of the sub-

strate and the film which depends ori the state of the film. 
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VI. CONCLUSIONS 

Phenomena in crystalline transitionmeta.J.s are rich and varied 

and have for the most part escaped definitive explanation. Here in 

amorphous transition metals'one finds a very systematic behavior in 

the superconducting transition temperature as one progresses along a 

d-row (4 or 5d) and many of the explanation(s) presented must also be 

regarded as tentative. 

·t 

1. T (amorphous) appears to 1reflect the properties of the 
c 

atoms themselves via the correlation with the number of unpaired , 

d electrons, nud, in the atom. Associated with the vari,ation in 

nud is the cohesive energy contribution by d-electrons, thereby 

relating atomic properties to the electron~phonon coupling 

parameter .. 

2. The notion of a smeared or averaged electronic density 
. ' t 

of states, N:(o), which is nearly constant as well as a flat eD 

is internally consistent through the apparent relation between 

l9'(o) and eD. The above is not. inconsistent with the correlation 

of T , E (d) and nud" It is probably the smeared N(o) occurring 
c c -

in the amorphous state which allows the cohesive energy contribu-

tion to superconductivity to be observed. 

3. The observed T behavior and above conclusions are 
c 

applicable to alloys of nearest and next nearest neighboring 

elements in a common d series, as well as for a combination of a 

4 ,and 5d element (Mo-Re)~ For the latter case other effects may 

account for the position of the T peak (e/a) t rv 6.3. c es • 

Definedby the electron-phonon interaction. 
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For elements having b.Z 2: 3, a large decrease in T near 
c 

the expected peak region is found. The situation here is 

complicated by possible charge transfer effects. More systematic 

investigation for elements widely separated in a given d-series 

is required to suggest what is occurring in the amorphous state. 

It· can be said however that the large driving force for charge 
' 

transfer of d electrons from a d-rich to a d-poor element will 

probably result in a special sort of short range order. 

4. The effects of electron-electron correlations, closely 

related to nud and probably Ec(d), couldnot quantitatively 

be incorporated into an explanation of the T data. Yet as c 

shown by Newns( 2S) such correlations are capable of putting a 

distinct triangular peak in the cohesive energy. 

5. Amorphous T data of other investigators has been 
c 

shown to adequately fit into the observations here. 

6. The annealed critical temperatures indicate that 

thes~ observations are not the result of a thin film effect, i.e., 

T returns to the bulk crystalline value upon annealing. 
c 

Regarding the structure and stability of vapor quenched transition 

metals the following conclusions have been reached: 

1. The vapor quenched films are found to have no grains 

down ru 10-lsA ·in diameter and are thus termed 'amorphous' having 

only local or short range order. This conclusion is also 
, 

supported by resistance and critical temperature observations. 

Exception is made to certain hcp elements and dilute alloys. 

2.. Electron diffraction observations and the a.bsenc'e of 

any distinct annealing steps in certain hcp and fcc elements 

.. 

';j•' 
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suggest a more close packed structure in the amorphous state. 

Verification of this awaits radial distribution analysis of 

'· 
'amorphous' transition metals (not stabilized by gaseous 

impurities) 

3. BCC elements and alloys are more prone toward the 

formation of an amorphous structure. 

4. A generalized irreversible phase diagram has been 

constructed which better indicates the relative stability of 

the amorphous structure than previous criteria. 
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