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THE. STICCTURE OF VAPOR DEPOSITED 
4D TRANSITION METALS 

Richard Bruce Loop 

Inorganic Materials Research Division, Lawrence lQdiation Laboratory, and 
Dep!rtment of Materials Science and Engineeriilg, College of Engineering; 

University of California, Berkeley, California 

ABSTRACT 

The structures of electron beam evaporated 4d transition metals, 

condensed on a helium cooled substrate, were observed using the electron 

microscope. The s~mples were annealed to room temperature and removed 

from the substrate prior to the examination. The elements observed were 

in the range from zirconium to ruthenium, with the samples consisting of 

pure elements and various binary alloys. 
'·. 

Evidence is presented that it is possible to fo~ transition metals 

in the amorphous state, irregardless of composition (i.e., compositions 

including the pure elements, solid solution alloys, and alloys falling 

within two phase regions). The stability of the amorphous phase varies 

with composition, with the least stability occurring tor the pure elements, 

and the greatest occurring tor two phase regions. The evidence tor bee 

elements is more conclusive than that for close picked elements, which 

present a special case. Amorphous to crystalline transformation tempera

tures were found to be significantly below values previously reported for 

Jd transition metals in the case of pure elements. In the center of two 

phase regions,, the transformaticm temperatures approached Oo) Tm, in 

agreement with values reported for non-transition alloys in two phase 

regions. 

/ 
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I. INTF()DUCTION 

M. M. Collver and R. H. Hammond have made a detailed study of the 

superconducting characteristics and resistance of vapor deposited 4d 
. . . 1 ' ·.. . 

transition metals. As a result of anomalies observed in the transition 

temperature of the metals in the as· deposited condition, as well as 

subsequent behavior after annealing, it. was determined that an under-

standing of the as de'(X>sited structure would be of value. 

- Specifically of interest was the JX>SSible occurrence of an 

amorphous structure up:m deposition, regardless of whether or not the 

sample was a pure metal, or what its binary alloy comJX>sition was. The 

interest in the lX)Ssible appearance of amorphous structures arose as a 
. . . 

result of an anomaly in the Tc curve when plotted against the number of 

electrons per atom, as compared to the normal Matthias solid solution 

Tc curve.18 

The intent of t}lis work, then, has been to det-ermine within 

capabilities of the equi:pment, the structure of the as deposited 4d 

transition metals, within the range of Zr to Ru. ~e study is based 

UJX>n available structural data after annealing to room temperature, in 

conjunction with resistance data acquired during the anneal from 4° K to 

room temperature. 

The range of comJX>sitions observed for each binary alloy system 

allowed for, in several cases, the stabilization of the as deJX>sited 

structure (as determined from little or no change in electrical 

resistance measurements) up to, and above room temperature. This was a 

necessary requirement before any semi-direct structural observation could 
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be made of the as deposited structure, due to the. lack of in situ 

electron diffraction capabilities. 

Further, an attempt was made to determine, within the working 

limits of the electron microscope, what the smallest resolvable grain 

size is for the microcrystalline samples, plus an attempt to establish 

an upper limit on the possible grain size, or ordered regions, within 

the amorphous samples, i.e., such that the minimum grain size is known 

to be of this size or smaller. Alloy systems examined in the study. 

include Nb-Zr, Nb-Mo, Zr-Mo, and Mo-Ru, as well as the pure elements 

Nb, Zr, and Ru. 

A brief review will be made o£ the 'conditions under which amorphous 

metal structures may be obtained, as opJX>sed to oon-metals. The produc

tion and stabilization of amorphous structures requires a reduction of 

the mobility of the atom on the surface upon which it is deposited, thus 

preventing the ato~ from assuming a JX>sition normally required for the 

stable crystalline structure. This can be accomplished by a number of 

means, iriclUding impurity stabilization, vaJX)i" quenching of various 

types, and co-deJX>sit quenching. 

Impurity stabilization requires th~ presence of a gaseous impurity. 

For example, a very small J:Qrtial pressure of oxygen will inhibit the 

mobility of easily oxidizable material, by most likely covering the 

de}X>sited clusters with an oxide layer, thus inhibiting further 

coalescence. 

Va:JX>r quenching is achieved by condensing vapor atoms onto a sub

strate that is sufficiently cold to reduce the atomic mobility (thermal 

diffusion) and which has a sufficient thermal conductivity to absorb the 

heat of condensation without undergoing an appreciable rise in tempera-

ture. This technique is similar to splat cooling where the sample is 

~· 
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quenche<i, in the fqrm of small liquid drops, at the rate of 

· degrees/sec~ 

Chopra 15 made a distinction between vacuUIIl quenching of p1re ~etal 

derosits and non-metallic plre materials exhibiting covalent bonding. 

He rerorted that pure metals will not fonn amorphous structures when 

varor quenched at helium temperatures. 

The distinction was made between the two types of systems on the 

basis that metal.s are already close-packed or near close-packed, i.e •• 

similar to the packing for the amorphous structure, whereas covalent 

materials have very low coordiilation number ( C.N.) when compared to an 

amorphous structure. Therefore only a very small a100unt of mvement is 

needed in order to make th,e structures crystalline in the case of metals. 

Further, a significant amunt of recrystallization is assUllled to take 

place due to higher atomic mobility for metal atoms at reduced 

temperatures, as a result of higher adsorption and desorption energies. . . 

To Ichigawa and Fujimi, however, found that while soft, low melting 

point non-transition metal. films do in fact condense (at 4° K) in their 

stable, or so~e metastable crystalline structure~ transition metal films, 

on the ot}1er hand., do exhibit an amorphous structure, based ol1 radial 

distribution studiesl0-14 Fujimi differentiated between the two results 

on the basis of the electronic structure for transition metals; however, 

the details of his explanation are as yet incomplete. ResUlts from the 

present study show agreement with Fujimi for bee transition metals, while 

those results for close-packed transition metals are somewhat unclear. 

The third method for stapilizing aiOOrphous structures occurs in 

binary alloy systems, through co-derosit quenching of two elements or 

comrounds which exhibit no solid solubility. The effect of the lack of 

solid solubility is to create a logjam type of effect, particularly in 



cases where the comp:ment atoms vary greatly 1n size, which in turn 

limits lOObility. 
6 -

Based on work done by Mader et al. on a number of two-metal systems 

{in tnrticular Cu-Ag and Co-A.u) at 770 K, the following set of conditions 

were- arrived at for the occurrence of amorphous phases: 1.) an equilibrium 

diagram shows limited terminal solubilities of the two comp:ments, 2.) the 

comiX>sition range corres}X>nds to the center portions of the miscibility 

gap (i.e., allowing for an extension of the solid solubility), ).) a size 

difference greater than 1 0~ ex,ists between the incompatible component 

atoms which do not form solid solutions, and 4.) the substrate surface 

is amorphous or atomically rnugh to reduce roobility. 

or further importance to this work is the correlation of a sharp 

irreversible resistance change with structural changes in a 'given sample. 

Two examples of this oorrelation are given. 

The first is one undertaken by s. Mader et al.6 in Co-Au and Cu-Ag. 

In the case of Cu-Ag, the samples were de{X>sited at 77' K, then annealed 

to room temperature, with the structural examination and further 

resistance measurements being made above room temperature. He wc;.s able 

to show a direct correlation of a sharp, well defined resistance drop 

with both a:n "amorphous". to metastable and metastable to stable crystal-

line tnJ,nsformation. 

·- A second example is by P. Baier4 who perfonned a detailed study on 

Pb-Bi alloys, ~here the sample was- de };X> sited at 4° K am in situ electron 

microscopy undertaken during the anneal to room temperature. In this 

case several sharp resistance changes were observed, correlating to a 

number of different phase changes. 
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II. . EXPERIMENTAL 

The procedure by which the samples were prep:~.red and T0 measure

ments made is revi~wed here to provide a coherent . picture of the means 

of sample prePJ,ration and subsequent structural examination. For a roore 

thorough presentation of these details the reader is referred to 

masters degree theses by M. M. Coliver2 and J. Ao Roberts~ 

A. Evaporation of Samples 

The Samples were prep3.red by electron beam evaJX>ration of 4d 

transition metals onto sapphire substrates in a vacuum of 1o-7 to 1o-8 

torr. They were removed from the substrate utilizing a method to be 

described later in this section. 

· 1 • · Vacuum System ~ Preparation 

The vacuum apparatus consisted of a stairiless steel vacuum chamber 

three feet iri diameter by three feet in length, with a liquid helium 

dewar extending to the center of the chamber from the top. The dewar 
. . 

system consisted of a liquid nitrogen jacket (made of brass), a water 

cooled plate and ?f K box (made of copper), and a 4° K boX made of 

stainless steel with a copper bottom. The substrate was placed against 

the. copper bottom of the 4° K box during deJX>sition. 

The vacuum chamber had three electron gun hearths, one of which 

was occupied by a rotary gun source used for the deJX>sition of the 

samples, with a second one being used for the titanium sublimation pump. 



-6-

The rotary gun consisted of six sources in a rotating crucible, five of 

which were covered at any given time to prevent contamination. 

The pressure in the chamber was brought to the range of 2 - 4x1 o-7 

torr utilizing a wann water "bake-out" ( '\J 100° C), a mechanical roughing 

pump, and an oil diffusion pump. The base pressure was further reduced 

to 3 - 6x1o-8 torr by utilizing a liquid nitrogen cooled plate (at the 

back of the vacuum chamber), plus a t.itanium sublimation pump. The 

major impurity, as indicated by a residual gas analyzer, was RzO· 

2. Substrate and SUbstrate Prep:1ration 

The substrate used consisted of sapphire single crystals. 

" " " (1/16 .x 1/2 x 1 ) of an orientation which provided optimum thermal 

conductivity. The substrate was cleaned using a Tee}X>l soap solution, 

followed by boiling for 30 minutes in a 50-50 H202/H20 (distilled) 

solution, in turn followed by boiling in distilled water. Contacts 

consisted of two types, gold or silver. The gold contacts were 

eva}X>rated onto the substrate, while the substrate was held at 300° K 

(in a vacuum of 10-6 torr). When silver contacts were used, they were 

painted on using a special y:aint. Gold, as wall as indium, was used 

to provide better thermal contact between the substrate and the 4° K box 

during deposition. 

3. Method Q.f Evawration 

The sample was prepared by placing a metal slug in the water cooled 

crucible and bombarding with an 8 KV electron beam. The rate of 

evawration was controlled by a feedback signal provided by an Allen 

Jones Electronic evay:x>ration rate monitor. The rate variation was 

within 5 %. In order to calibrate the rate monitor, times and rates 

were selected to make films having thicknesses in the range of 1000 ~. 

··~ 
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Thickness measurements were made using a Tolansky multiple interfero

meter. The rate monitors were then calibrated using these measured 

thicknesses. To ensure that there was not a significant increase in 

temperature during deposition due to radiation effects, a superconduct-

ing molybdenum sample was- expc>sed to radiation· resulting f:rom heating 

tungsten to a white heat (pc>int of evat:X>ra.tion). The sample did not go 

normal, thus indicating that the temperature rise during deJX>sition was 

not significant (below 7.2° K). 

4. Evap?ration Q.! Allozy 

In those cases where an alloy of a certain comJX)sition was desired 

(and where the vatx>r. pressures of- the two comt:X>nents were different), 

the alloys were pre-mixed in a pre-calculated ratio • such that as a 

:il result of the different vat:X>r pressures, the desired composition was 

attained utx>n detx>sition. The COIIlJX>Sitions of the samples were 

determined using an elect:ron microprobe. In those cases .where the 

samples were less than the optiMum thickness (i.e. • effectively 

infinite thickness), the comtx>sition detennination was .based Ut:X>n 

calibration curves for the microprobe as per w. E. Sweeney et a1. 16 

B. Critical Temperature Measurements and Annealing Procedure 

1. Tc Measurements 

The critical temperature was measured t1sing two rx>iDt contacts 

(supplying a constant current, then measuring the voltage across it). 

Measurements below 4.2° K were made by pumping on the liquid helium -

allowing a minimum temperature of 1 o 7° K to be reached. For temper

atures above 4.2° K a low t:X>Wer heater was used, allowing for a temper

ature rise to approxiinately 5.5° K. Above 5.5° K the substrate box 
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itself was allowed to warm up in the absence of helium, at a rate of 

approximately 0.2 to 0.4° K/min. 

2. Annealing of Samples 

Arter the Tc measurements, the samples were annealed at a rate of 

1 - J° K/min. Two different methods were used: 1.) Warm heliWil or 

Nz gas was flowed into the liquid helium dewar, or 2.) The·substrate 

box was bombarded by electrons from a filament located on the liquid 

nitrogen cooled shield. To prevent possible damage to a Ge thermometer 

lo~ed-ea the 4° K plate, annealing temperatures were limited to values 

below room temperature •. The sample resistance was determined by send

ing a constant current of either 1. JJA or 10 JJA (depending on the sample 

resistance) through the deposited films, with the resulting voltage 

drop across the samples being measured with an Astrodata Nanovoltmeter 

(Model 1.21 RZ). 

c. Electron Microscopy 

1. Sample Pre;Pa.ration 

· The electron microscopic examination of the- samples took place 

after they had been annealed to room temperature and the composition 

determined using the electron microprobe. Several techniques were 

tried in order to remove the samples from the substrate, including-

1.) mechanically scraping the sample off, 2.) using a LiF substrate, 

then dissolving the substrate in order to remove the sample, and 

J.) using· cellulose acetate to lirt the sample off the sapphire sub

strate. The third method (cellulose acetate) gave the most consistent 

, results, and hence will be described in detail. 

First, the sample is scribed with a lmife or other sharp instrument 

,• 

... 1 
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to the approximate size desired for the microscope examination, i.e., 

somewhat smaller than the microscope grid to be used. A strip of 

cellulose acetate is then partially dissolved, placed over the sample 
. ' 

to be removed, and allowed to dry. A second layer of cellulose acetate 

is then added for strength. Fbllowing this, the sample is removed from 

the sub8trate by carefully lifting the cellulose acetate, after which 

the acetate and sample is placed in acetone, with the cellulose acetate 

being allowed to completely dissolve. · It is noted that .in seve,ral cases 

the sample broke into pieces smaller than that originally scribed (due 

roost likely to the sample thinness). However, pieces of a sufficient 

size were still obtainable in all cases. 

The sa~ples are then floated onto a microscope grid and placed. in a 

bath 
1
of distilled water. The purpose of this step is to rempve any 

folds or wrinkles acquired through the previous steps by utilizing the 

high surface tension of di:rt.illed water. The sample is then refloated 

onto a microscope grid and either placed in the electron microscope or 

stored in. denatured alcohol until such time as the electron microscopic 

exaMination is made. Washing the microscope grid in alcohol before 

picking up the specimen aids in breaking the surface tension of the 

distilled water. rt· is important to ensure that all of the cellulose 

acetate is removed from the specimen prior to placing it in the electron 

microscope so that there is nothing to interfere with the thermal 

contact between the sample and the microscope grid (necessary to erisure 
. . . 

a minimal temperature rise duririg the time the sample is illuminated by · 

the electron beam). 

Scraping the film from the sub::;trate in order to prepare the 

microscopic samples was unsuccessful for the simple reason that the 

sample was too thin to obtain usable pieces. Use of the LiF introduced 



a new _variable into the problem, specifically, possible effects that a 

different structure and ma.terlal might have on the structure of the 

dep:>sited film. 

2. 

The microscope used for the majority of the observations was. the 

Hitachi (Model HU-125).. The Hitachi (MOdel HU;..650) was used in a few 

special cases where the thickness of the sample required it. 

The technique employed in the actual observation was to undertake 

a search of the specimen in the diffraction mode. to determine what 

structure was present, and whether or not the strlicture was unifonn 

throughout the sample. Following this~ both dark and bright field 

micrographs were taken, the bright field in order to identify the area 

observed, and the dark field to give an indication of the grain size and 

size distribution (in those cases where the sample was clearly 

crystalline). The normal procedure was to take a series of three 

photographs - Bright Field (B.F.), Dark Field (D.F.), Selected Area 

Diffraction (S.A.D.) from each given area. 

Voltages generally employed were 100 KV, with some instances of 

125 KV, allowing greater sample penetration. Magnification ranged 

from rv 15,000 to 1 05,000X, with the higher value being used to detennine 

what the smallest observable grain was under conditions of optimum 

resolution, and whether or not any grains were visible in the amorphous 

samples under the same conditions. 

). · High Temperature Observations 

The hot stage used for high temperature annealing of those samples 

which were amorphous at room temperature was a production model by 

Hitachi. 0· 
It provided a temperature range up to rv 900 C, and was 

' 
I 
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provided with a thermocouple, though no means of measuring sample 

resistance was available (due to the need for good thermal contact 

between the sample and grid to prevent heating). 

The procedure employed in this case was to slowly anneal the 

sample, while observing it in the electron microscope in the diffraction 

mode, until such time as the diffraction p;ittern transformed from an 

amorphous to a crystalline pattern. Selected area diffraction patterns 

were made during the course of annealing, and after the sample had been 

cooled to room temperature, in order to make structural determinations. 

I 

I , 
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III. RESULTS 

The particular alloy compositions examined were chosen in order to 

facilitate the comp:~.rison of the measured T
0 

for thin film samples vapor 

deposited at 4° K with the normal solid solution bulk T0 cur\re for the 

same 4d transition metals. The structures present at room temperature, 

as detemined by electron diffraction, can be separated into two groups -

those exhibiting small grained crystalline patterns and those exhibiting 

diffuse, amorphous appearing p:~.tterns. 

A. Crystalline· Structures 

Those systems which exhibited crystalline diffraction rings 

consisted of pure eleni~nts and binary alloys of com!X)sitions lying in 

the solid solution regions of their respective phase diagrams {and 

extensions of these solid so).ution regions., which will be discussed in 

the final section). Samples in this group included binary compositions 

of Nb-Zr, Nb-MO, and Mo-Ru, as well as pure niobium, zirconium, and 

ruthenium •. The grain sizes observed ranged, in general, from 10-20 f 
0 

to "'2 . .500 A. The smaller limit was inferred from the presence of 

continuous, as opposed to spotty, diffraction rings. 

This ,group can be further divided on the basis of ~sistance 

me·asurements taken during the annealing of the samples from 4° K to room 

temperature. These two subgroups consist of 1.) bee elements and their 

near alloys, and. 2.) hcp elements and their near alloys. Representative 

diffraction patterns and resistance -vs- temperature curves are shown in 

Figs. 1 - 6. 

. }_· 

. : .. ~. 
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1. ~-Elements and Near Alloys 

Samples occurring in this group include comrx>sitions falling within 

the Nb-Zr, Nb-Mo, and Mo:-Ru systems, plus pure niobium. These samples 

all showed a sharp, irreversible drop in sample resistance at some well 

defined temperature below room temperature. The magnitude of the drop, 

however, varied· fairly widely. 

a. Nb-Zr System (Nb rich) 

Samples in this system were prepared using a previously prepared 

solution of Nb and Zr. Sample compositions were varied· by burning off 

varying amounts of ,zirconium between each sample preparation. This 

served to ,decrease the zirconium content in each succeeding sample as 
I 

the zirconium had a higher vapor pressure. The individual sample 

:I 
1 compositions were. then determined upon removal from the evaporator. 

Tc measurements as deposited ranged from 5.4° K to s.cf> K in a 

linear manner with the increase in niobium content. After annealing 

past the temperature a"t:. which the resistance drop occurred, and 

remeasuring the critical temperature, it was found that the Tc approached 

the expected bUlk value. The temperature at which the res:tstance drop 

took place varied between 90° K and 170° K. Grain size measurements 

at room temperature using electron microscopy indicated a very fine 

crystallite size, ranging between an approximate minimum of. 70 ~ and an 

approximate maximum of 3000 i. The data for this rsystem are summarized 

in'Table l. 

b. Nb-Mo System (all compositions) 

Samples were prepared in this composition range to provide 

additional data to compare the proposed amorphous Tc curve with the 

bulk solid solution Tc curve. Evaporated samples were prepared in 
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a manner similar to that for Nb-Zr. Sample comp:>sitions were determined, 

after ann~aling to room temperature, using the electron microprobe. The 

struct:ure for all samples in the system was found to be bee. Tc measure

ments at deposition ranged from .5 • .5° K to 8.2° K, the measured value 

increasing, in general, with increased .Mo content. 

All samples showed a sharp resistance drop with one exception, 

this being Nb .;oMo. 70 • This exception was felt to be due to a faulty 

measurement at low temperature. Again,· after annealing ~st the· 

temperature at which the resistance drop occurred, and remeasuring Tc• 

it was found that the critical temperature approa.,ched the expected bulk 

value. The resistance drops took place between 40° K and 110° K. The 
0 . 

minimum resolvable grain size was 'V .50 A, with the maximum observed 
0 

grain size being 333 A. The data for this system are summarized in 

Table II. 

c. Mo-Ru System (l>b-rich) · 

Samples ·for this system were prepared in a manner similar to the 
l 

above two systems. Again, the structure for both samples observed in 

the electron microscope was bee. Tc measurements as deposited were 

8.9° K and 9.40 K, with the increase corresp:>nding to the increase in 

ruthenium content. The value at 9.4o K represented the peak valus'in 

the amorphous curve •. The Tc for both samples was found to approach the 

bulk value after annealing to room temperature. The temperature at which 
. . . 

the resistance drop took place was between approximately 100° K and 

300° K, as indicated in Table III. Ibth samples were fine grained, with 

the grain size ranging between .50 X and 1000 X. 
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- ,. •· . . .· . 

Two samples occurring in this region were observed by electron 

microscopy, these samples being pure zirconium and ruthenium. Annealing 

data· only are available on oth,er samples, these consisting of Moo 1ol\1.90 

and f.b.o;Ru.97• These are included in that they fall in the solid 

solution region near pure ruthenium. Further, their annealing curves 

exhibit similar characteristics to that for pure zirconium and ruthenium. 

The hcp elements and near alloys were observed to exhibit a gradual 

resistance change uJX)n annealing. showing either a JX)Sitive or negative 

slope. The resistance change during annealing was an irreversible 
. .. . 

process for all cases. Data are summarized in Table IV. 

a. Zirconium 

The one sample of p\lre zirconium observed sho-wed a fine grained 
. . . . . . . . . . ., . . . 

JX)lycrystalline pattern, the structure being a super-JX)sition of hcp 

and what is most likely a metastable fcc structure. The Tc measurement 

as deposited was ;.'jJ K. After annealing to room temperature, the Tc 

value was found· to decrease toward the expected bulk Tc value. 

b. Ruthenium 
. . 

Pure ruthenium also showed a fine grained crystallP1e diffraction 
. ' . 

pattern. ·The structure was indexed as the stable hcp phase. A minimum 

resolvable· grain size of J5l- 40 1 was observed. The transition 

temperature was determined to occur at a value less then 1. ?° K both in 

the as deJX)sited state, and after annealing to room temperature. 

c. Mo-Ru System ( Ru rich) 

The resistance data upon annealing for Mo.1 0Ru.90 showed .a smooth 
. I -. 

decrease from 4° K to room temperature. For Mo.o;Ru.97 and pure Ru. the 
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resistance d.ata showed a continuous positive slope with temperature 

between 4° K and room temperature. After annealing to room temperature 

and recooling, the Tc was found to approach the expected bulk values. 

B. Amorphous structures 

Those systems exhibiting diffuse, amorphous appearing diffraction 

pattern~ consisted of binary alloys which occurred in two phase regions 

of their respective phase diagrams. Three systems are represented in 

this group - these being Nb-Zr, Zr-Mo, and Mo-Ru• All samples in this 

group were prepared . in the same manner as previously discussed for the 

crystalline cases. FUrther, all samples showed a gradual slope in the 

resistance-:vs-tem:perature curve. The data are summa:rized in Table v. A 

representative diffraction P'ittern and annealing curve are shown in 

Figs. 3 and 6. 

1 • Zr-lob System 

One comJX>sition was observed in this· alloy system, this being 

zr.s5Mo.15• Electron diffraction revealed a two ring diffuse, amorphous 

appearing diffraction pattern, with no discernable grain size visible in 

the dark field mode. During annealing the resistance showed a gradual 

decrease. The critical temperature up:m deposition was 4.1° K. This 

value, remained essentially unchanged after annealing to room temperature 

and recooling. 

2. Nb-Zr System 

'!Wo com}X>sitions were observed for the Nb-Zr system (Nb •60 zr.40 and 

Nb. 67.zr.33). Electron diffraction patterns revealed three ring diffuse, 

amorphous appearing diffraction patterns with no discernable grain size 

,) 
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in the dark field mode. BOth s~mples showed a gradual· dec~ase in 

resistance upon annealing to room temperature. The measured Tc • s u}X>n 

deposition were 4~8° K and 4.6o K respectively. After annealing to room 

temperature, then remeasuring the critical temperature, both samples 

showed a .decrease in Tc, whereas an increase would be expected, if 

annealing had ,taken place, due t() the fact that the·. bulk Tc is higher. 

This change could possiblY be the result of the beginning of a trans-

formation to a metastable structure. This p:>ssibility is discussed in 

the p.ext section •. 

Al::j.oy compositions examined in this s~tem con,sisted of M:> •68 Ru. 32 

and Mo .5()Ru. 50• Electron diffraction ~tterns again revealed three ring 

diffuse, amorphous appearing diffraction ~tterns. Dark field electron 

microscopy revealed no discernable grain size. · Again, both of these· . : ;'·. . . . . . . 

samples showed a gradual resistance decrease upon annealing. The 
. . 

crfticaltemperatures upondeposition decreased from 8.8° K to 7•7<> .K ·•· 

with increased ruthenium content and remained essentially unchanged 

after annealing to room temperature~ 

c. Annealing in the Electron Microscope 

Three different samples were annealed using the hot stage attach

ment to the HU-125 microscope. These samples consisted of Mo .68Ru .)2• 

Mo • 50 Ru. 50 (displaying amorphous. patterns at room temperature), and 

Mo .82Ru.18• which exhibited a crystalline pattern UJX>n initial 

observation at room temperature •.. BO.th MJ.68Ru. 52 and Mo•50Ru.50 1$howed 

a rapid transformation from the amorphous like diffraction pattern to a 

large grained crystalline :p3.ttern at approximately 800° K, or abotd one-

\ 
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third the temperature of melting. The transformed structure for 

Mo .5QRu • .5Q was found to be a multi-phase structure on the basis of a 

standard ring diffraction ~ttern. 

The structure for Mo .68Ru. 32 was undetermined, as the grains 

were of,sufficient size to produce single crystal patterns. A positive 

identification of a given structure would require diffraction patterns 

resulting from two different orientations. This requirement could be 
\ 

met utilizing a tilt stage to re-Orient the sample for a second 

diffraction pattern, or, aSSUDUiling that the sample was known to be of 

one phase, a second crystal would suffice. 

However, this Jlirticular sample had a composition £ailing within a 

two phase region, which would preclude the use of two or more single 

crystals in the above manner with any assurance that they came from the 

same phase. If the structure were a metastable single phase, this 

objection would not apply; however, there is no way to guarantee, at 

this point; that the structure is in fact a metastable single phase. 

Tilt stage capabilities were not available on the hot stage used. 

Further work in this area was not pursued. A continuation of this wc)rk 

is suggested, not only for M:>-Ru, ·but also for the samples occurring in 

two phase regions of Mo-Zr, and Nb-Zr. 

When Mo.82Rll.18. (crystalline at room temperature, with a grain 

size of about 50i) was annealed, it showed no rapid transformation· such 

as that seen for the above two samples. Rather, it retained its bee 

structure, whUe showing a very small amount of grain growth. 

,, . 
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IV. DISCUSSION 

All determinations of the structures present at. 4° K (uiX>n 

deiX>Sition) presented in this work were hindered by a lack of in situ 

diffraction capability. Thus structural determinations are based on the 

structure present at room temperature art:.er annealing from 4° K, on the 

Tc data for these systems at 4° K, on the observed resistance data 

during the anneal, and on previous work done by other authors under 

similar conditions and on similar, systems. 

Mader~•? ,8 has reiX>rled the capability to stabilize .all amorphous 

structure in a binary alloy up to and above room temperature when the 

comiX>sition falls within a miscibility gap of the phase diagram. Such 

results have been confirmed here for Nb-Zr binary allOy com}X>sitions 

within a miscibility gap, as well as for Zr-Mo and Mo-Ru compositions 

falling within two phase regiorts in general, the two phase region being 

bounded by either a solid solution or intermediate comiX>unds. 

The· only system of these three to. Show an unambigious amorphous 

appearing diffraction pattern is the Zr •5oMo •50 composition. All of the 

structures falling within the two phase regions of Nb-Zr and Mo-Ru show 

a diffraction pattern of three broad halo-like rings, which can be 

correlated with the first, third, and fourth diffraction rings for the 

face centered cubic structure, with the second ring missing. Such a 

pattern correlates with· Mader's description of the structural changes 

which occurred ui the process. of transfol'IIIB.tion ot a Cu •4(}-g. 54 alloy 

from an amorphous structure to a metastable fcc structure. In the 

course of this transformation, the second amorphous ring was observed 
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to split into two rings (fcc 220 and 311), followed by the. splitting 

of the first ring into two rings (fcc 111 and 200), both occurring at 

a single well defined temperature. At this point very small grains of 
·. . 0 . . .. 

approximately 50 A diameter were observed. 

Based on these results by Mader~ it would appear that the Nb-Zr 

and Mo-Ru samples may be in the initial stages of the transformation 

frOm the amorphous state to a metastable fcc structure - with the second 

ring already having split, but the first ring not yet having done so. 

Two of the samples falling within the area of this discussion were 

annealed in the electron microscope, up to approximately 800° K. In 

neither case did the first ring split to complete the first four rings, 

as might be expected from Mader} s6 results. Instead, the diffraction 

pattern remained unchanged until the range of 800° K, at which time 

both sam,ples underwent a very rapid transformation. to large grained 

crystalline structures. 

The explanation as to ~hy no further t~nsformations to. the meta

stable phase structure took place may rest in the fact that the trans-
. . 
. . . . 

formation may be time dependent and the rate of anneal in the hot stage 

was simply too .fast; i.e., a sufficient temperature was reached for a 

transfomation to the stable structure before the transformation to the 

metastable fcc structure was complete. A second possible explanation 

for the split ring rather then a single ring in the amorphous I=Qttern 

is that it may simply be representative of a slight increase in the 

amount of;ordering, rather then an indication of an ensuing phase change 

to a metastable fcc structure. In this case furtner splitting of the 

first line would not be expected. In either case, the indication is that 

the structure as ,deposited was highly disordered or amorphous like. 

At this JX>int a very brief discussion of the type of diffraction 

,11 1 
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{B.ttem which would be. expected .from an amorphous structure is in order. 

Any amorphous structure would experience some degree of short range 

order. Nearest neighbor effects arising from the presence of this short 

range order would result in the appearance of one or more diffuse 

appearing diffraction rings. The p:>int at which the short range order 

becomes sufficiently long range to be considered microcrystalline, 

rather then amorphous, is ambigious at the present time •. Thus, as 

considered here, an amprphous structure is one which, in experimental 

tenus, exhibitl5 a diffraction pattern with a few broad halos that can 

not simply arxi uniquely be assigned to the diffraction lines of a 

crystalline structure, and which is also similar to that for a liquid. 

Rowever, the ·same type of diffraction pattern results for a very fine 

microcrystalline structure. 

It is possible to differentiate between the two structures using 
. . 

two different means available here·, these being an observation of the 

resistance data and observation of the diffraction pattern upon 

annealing above room temperature. If the sample were originally 

amorphous, then the diffraction pattern would show a rapid change to a 

crystalline structure, at a well defined temperature, as the trans

formation took place, as well as showing a sharp drop in the resistance 

at the sa111e tempera.ture. 

On the .other hand, if the structure were originally microcrystalline, 

then the diffraction pattern would be expected to show a gradual sharp-

ening. of lines until a crystalline pattern was readily apparent. In 

addition, the resistance change would be gradual, corresponding to the 

annealing out of various defects and to grain growth. 

Based on previous work (as discussed in the Introduction), 

it can be said that there is a correlation between a phase transformation 
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and a sharp resistance drop. Hence, for the bee elements and their 

near alloys which show a sharp resistance drop at some point between 

4° K and room temperature, it can be assumed that a phase transition 

has occurred. Based on the room temperature diffraction results it is, 

app3.rent that the structures for all of these comJX>Sitions underwent a 

change· from either an amorphous or a metastable crystalline p3.tteri1 to 

the normal stable bee crystalline J:Qttern. A transl'ormation from a 

very fine microcrystalline ~ttern to a crystalline structure can be 

ruled out due to the presence of a sharp resistance change. 

In order to differentiate between an amorphous or amorphous like 
. ' . . . 

structure and a metastable structure in the as· deJX>sited condition, it 

is necessary to resort to the observed Tc data. COntributions to the 

superconducting behavior can be att~iputed to two· effects, the first 

being structural effects (band effects) and the second chemical effects. 

The Tc data ·is suggestive of the structural effects being reduced to a 

minimum, i.e., the data is essentially independent of the structures of 

the samples~ Such a removal of structural effects would be consistent 

with the materials being deJX>sited in a. highly dis.ordered state, 

possibly amorphous. Thus, by combining this data, with th~ presence · 

of amorphous like structures for those comJX>sitions occurring in two 

phase regions, it can be said, with some confidence, that the structures 

in these cases (bee near alloys) at 4° K, are amorphous also. The 

details of this explanation will be contained in a ~per to be. published 

by M. M. Collver and R. H. Hammond! 

The minimum grain sizes observed by dark field micrography were in 

the range of J5 - 40 i for pure ruthenium. Such a measurement does not 

preclude the existance of grains smaller then this, which may not have 

_ been appirent under the experimental conditions. Where grain sizes with 

J 
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an estimated minimum of 10 i - 20 i are reported, principally for Nb-Mo 

alloys, the estimate was based on the existence of continuous diffraction 

rings exhibiting a bee structure, as opposed to spotty rings which were 
0 

observed when the grain size was in the approximate range of 50 A am 

larger. 

The results for Mo-Ru tend to confirm results by Mader6 in whi.ch he 

reported extending the range of solid solubility of Au-Co and Cu-Ag 

alloys by vapor deposition. However, the results· for Mo-Ru, in addition 

to Nb-Zr and Nb-Mo, indicate that all samples (pure elements, solid 

solution alloys, and those samples occurring in two phase regions), with 

the possible exception of close-packed elements, can be deposited in the 

amorphous state; whereas Mader reports that only those in a two phase 

region can be so deposited, based on results for Cu-Ag and Co-Au. The 

results presented here are in agreement with those of several other 

authors for transition metals, notably Fujimi13 (Ti, Ni, Co, and Yt) and 

Bosnell5 (Ni), in that amorphous structures are formed -- though not in 

the range of stabilization claimed. 

What these results indicate, then, is that only the degree of 

stability of an amorphous structure varies with the composition, rather 

than the ability to produce an amorphous structure. The least stability 

on a relative basis for a given system, as. measured by the temperature 

of transformation, appears to occur for the pure elements and low 

concentration solid solution regions, with a maximum stability occurring 

toward the center of two phase regions. 

Transformation temperatures (for the phase transformation from the 

amorphous to stable structure) of fromO.JO to 0.35 Tm have been 

reported for a number of systems by Chopra ,15 and Madar6 in two phase 

regions, where Tm is the average melting point of the two components. 
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Transition temperatures approximating O.)Tm were found for the two alloys 

falling in two phase regions and annealed above room temperature in the 

electron microscope. Transition temperatures significantly below this 

were found. in all cases ·for the pure elements {bee) and thei~ near 

alloys, falling in solid solution regions, as opposed to what might be 

expected from previous work on Jd transition metals by Fujimi and Bosnell, 

where the amorphous st.ructure was reported to be stabilized to room 

temperature. The. differences here might be due to different vacuum ' 

evaporation conditions in terms of contamination, either in the system 

or the materials used. 

For the hcp elements and near alloys, which showed a gradual 

irreversible resistance change upon annealing, in combination with a 

crystalline structure for the two examples so observed { Zr & Ru), a 
' . . . 

different ·explanation is needed. Previous work has shown that a phase 
. . 

transformation accompanies a sharp well defined resistance change; how-

ever, it has not been conclusively shown that a sharp well defined 

resistance drop must accompany a phase transformation. 

If this assumption is made, then the possibility of a phase . 

transformation for this particular case cannot be ruled out. In fact, 

since these samples are hcp, which is a close-packed structure, and an 

amorphous structure is nearly close-.packed, it would seem quite plausible 

that a transformation could occur without greatly affecting the sample 

resistance {through a minimal mean free path change). The explanation 

for this effect is not entirely clear (in the near hcp alloys) and the 

above is merely a hypothesis at this roint. 

That a phase transformation· for these alloys does in fact occur, or 

at the least is strongly suggested, is shown by Tc data in which the Tc · 

measurements show a change between those made both before and after 
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annealing to room temperature. Such a change in the Tc value is indica

tive of a phase transformation. ~imilar changes in Tc were observed for 

the bee and near bee alloys, where a phase change is strongly indicated 

by the observed resistance data. 

It has been observed that various high temperature met.astable 

phases occur in the process of transforming an amorphous phase to the 

expected stable phase, according to the Ostwald rUle. The Ostwald rule 

states that a system undergoing reaction proceeds from a less stable 

state through a series of increasingly more stable intermediate states 

to reach the final equilibrium state. The occurance of these metastable 

states would usually depend on the presence of high. temperature phases 

for a p!.rticular system, and on the relative stability of the given 

phase (the transfo~tion might occur too rapidly to identity). 

No metastable states were observed for those samples which under

went a phase transformation below room temperature (i.e., only one 

phase transformation indicated by the resistance changes). The two 

samples which were annealed in the electron microscope above room 

temperature both transformed to phases which are currently unidentified, 

and which may be metastable. There are indications that these two 

comJX)sitions occurring in the two phase region and having a near 

amorphous structure as observed at room temperature may go through a 

metastable fcc phase prior to the high temperature transformation. How• 

ever, such a conclusion, as previously discussed, is not clear due to 

the rapidity with which the samples transformed during further annealing. 

Finally, impurity stabilization is not considered to be a problem 

in explaining the amorphous structures occuring UIX>n deJX)sition because 

of the high purity of materials used, the relatively high rates of 

de:IX>sition ( rv200 ~/sec), and the relatively high vacuum {5X1o-8 torr). 

This P>int is imP>:rtant when review:ing past literature. 
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FIGURE CAPTIONS 

Fig. 1. Diffraction pattern for Nb.87zr. 13 showing a characteristic 

. pattern. observed for bee elements and their, near alloys. 

Fig. 2. 

Fig. ). 

, Fig. 4. 

Fig. 5. 

Fig. 6. 

. . 

Diffraction pattern for Nb. 78Mo •22• A minimum grain size of 

from 10-20 i. is estimated from these patterns, based on 
I 

experiMental observations of spotty rings from grains of a 

size near 100 t as opposed to the continuous rings observed 

here. 

Diffraction pattern fdr Mo ;68lbl;2 showing a characteristic 

amorphous like structure for com}X>sitions falling in two 

phase regions. 

Temperature-vs-resistance curve for Zr.13Nb.a7• This is a 

characteristic curve for bee elements and near alloys which 

exhibit a crystalline diffraction :p3.ttern at R. T. 

Temperature-vs-resistance curve for Mo.1oRu.90 • This curve 

is characteristic of those for hop elements and near alloys 

.which exhibit a crystalline diffraction pattern at R. T. 

Temperature-vs-resistance curve for Mo .6sRu. 32 • This is a 

characteristic curve for compositions falling in two phase 

regions and exhibiting amorphous like diffraction Pltterns. 

I 
•·' 

·~\, 
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TABLE CAPI'IONS 

Compilation of data for bee elements and near alloys (Nb ... Zr) 

Compilation of data for bee elements and near alloys (Nb-Mo) 

Compilation of data for bee elements and near alloys (Mo-Rll) 

Compilation of data for hcp elements a nd near alloys ( Zr, Ru, 
and ¥,o-Ru) 

Compilation of data for comp::>sitions falling in two phase 
regions and displaying amorphous like diffraction patterns 
(Nb-?-b, Nb-Zr, and Mo-Ru) 
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Figure l . 
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TABLE I 
,,. 

Sa::tple Camp:>- Structure Grain T at A"hich Tc(4 °K) Tc 
~umber sitior. Size .Jl. drop af't.er 

(at.~) occu:-red anneal 

107-2 No.37 · bee 1o~roo 
-zr.13 

150-170 OK 5.42 +.12 
-.04 

7.)5 +.1.3 
-.09 

103-J ~r0 .925 bee 1)3- 100-120 °K 5.9 
+.16 0 18 +.17 

1ooo I -.07 
u. 

-zr.075 -. 

108-2 Nb.945 bee 167- 110-1)0 °K 5.66 +·11 7.'J+ +.08 0 

-zr.055 1000 A -.05 -.04 

108-i !\"b.97 bee JJJ-. 90-100 °K 5.91 
+.14 

7.5 
+.27 

-Zr.oJ 2000 A -.15 -· 
; 

TABlE n 

Sample Comp:>- structure Grain T at which Tc(4 °K) Tc 
Number sit ion Size ..tl. drop after 

(at.%) occurred anneal 

• 
106-J No.91 bee 10 A 6.06 +.OJ 5.79 +. 13 

-!'.o .09 min. --- -.2 -.39 

101-4 ~rb. 76 bee 10-100 40 - 70 °K 5.72 +.1 0 2.0 +.10 
0 

-.10 -~·n.22 k min. -.20 

101-5 Nb. 30 bee 1o 1 
7.10 +.15 2.6 +.4 

-!·1o .70 :nin. --- -.)0 -1.0 

101-2 Nb.o2 bee 10-JJJ 65 -110 °K 3.2 
+.1 <: 1.7 -~.D • 98 A min. -.3 . 

1.> 
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TABLE III 

.. 
Sample Comr:o- structure Grain Tat which Tc(4 °K) Tc 
Number sit ion Size .n. drop after 

(at.%) occurred anneal 

102-2 Mo.89 50-1000 
1)0-200 °K 

. +.1 7.02 +.28 
bee . 0 

8.9 -.05 -Rll.11 A -3.0 

104-4 Mo.sz bee 
100-300 

110-130 °K 9 4 +.07 6.18 +-95 0 

~Ru.18 A • -.05 -.1 

TABLE IV 

Sample Com !X)- Structure Grain T at which Tc(4 °K) 
... J.c 

Number sit ion Size .n drop after 
(at.-Y.) occurred anneal 

! 

I 110-5 Zr hcp 200-• 3.26 +.OS ~ 1.72 ----1500 A -.37 

112-1 Jo'.o .10 +.13 
"' 1. 7 -.Ru.90 -- --- --- 2.62 -.43 

104-2 Mo.o3 
-Ru.97 --- --- --- < 1.7 ---

103-4 Mo.o3 --- --- --- < 1.7 ----Ru.97 

103-3 Ru - --- - <. 1.7 --
35-40 

112-4 Ru hcp • ...:::. 1.7 <. 1. 7 A ---
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TABLE V 

Sample Compo- stNct\lre Grain Tat which Tc(4 °K) 1' -c 
NUmber sit ion Size ./l drop after 

(at.%) occurred anneal 

102-3 Zr~85 2 - ring 4.14 
+.20 ).36 

+.10 
-f.1o .15 diilUSe --- ---- -.10 -.20 

107-5 zr.4o J - ring 4.88 
+.06 

J.J1 •.os 
-Nb .60 diffuse --- --- -.06 -.05 

107-4 Zr.JJ J - ring 
4.;~ 

+.14 
2.;.;.9 +.09 

-Nb.67 diffuse --- ---- -.06 -.05 

\ 

M<) .68 J - rlng +.05 
P.·~.e 

+ f"'C: 
104-J -3.?0 

...... ..,' 

-Ru.J2. diffuse ---- ----- . --05 •• os 

105B-5 ~0 .50 J - rlng 
7-75 

+.05 7.cs •.as 
-Ru.5o diffuse --- ---- -.05 -.05 
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