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ABSTRACT 

The electronic and superconducting properties of an amorphous 

transition metal alloy are used to evaluate the effects of low tern-

perature annealing. It is observed that the superconducting transition 

temperature and the electrical resistivity relax exponentially in time 

from their initial value to a final relaxed value. From this an acti-

vation energy for the relaxation process is derived and an explanation 

is suggested which involves internal stress. · 
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I. INTRODUCT_ION 

It has been shown that amorphous transition metal alloys obtained by 

rapid quenching from the liquid state exhibit improved magnetic proper­

ties [1-4] when annealed at temperatures sufficiently low as to produce 

no crystallization. Stress relaxation and embrittlement [2], a relaxation 

of the Curie temperature [5], a change in the atomic pair correlation 

function [6], and a structural relaxation in the atomic configuration 

function [7] have also been observed as a result of such annealing. 

Considering the change in the magnetic properties following such anneal­

ihg, one might expect effects on the superconducting ~roperties of such 

materials. Superconductivity is strongly affected by the microscopic 

structure of the material. Thus one could use such parameters as. the 

transition temperature, the upper critical field, etc. to probe the changes 

in the microscopic state of the amorphous material following thermal 

relaxation. 

In this investigation the effects of low temperature annealing on the 

superconducting properties and electrical resistivity of an amorphous alloy 

have been studied. These properties are then compared to those of the same 

sample following crystallization. Density measurements as well as x-ray 

diffraction data were used to complement this study. 

The alloy chosen for this study was Zr75Rh 25 owing to its simplicity 

(being a binary alloy), the knowledge that it can be prepared in the amor­

phous state by liquid quenching techniques, and the fact that the alloy is 

superconducting in the amorphous state [8] as well as in the crystalline 

state [8-9]. Most amorphous alloys prepared by liquid quenching contain 

three or more constituents [l-7]. A binary alloy is presumably easier to 

analyze. 
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II. EXPERIMENTAL PROCEDURE 

A. Samp~-~ Preparation 

Both the zi.rconium and the rhodium used in this study were 99.9% 

pure. Ingots weighing ohe to four grams were prepared by induction melt­

ing on a water cooled silver boat under an argon atmosphere. To assure 

no oxygen contamination during the preparation of the ingot, a titanium 

getter was first melted in order to absorb residual oxygen. Thorough 

mixing of the ingot•s constituents was assured by repeated melting and by 

turning the ingot over between melts. The ingots were subsequently broken 

and checked for homogeneity. 

Amorphous foils were prepared using a liquid quenching technique· 

described in reference [10}. Foils used for study were shown to have less 

than a few percent crystal line inclusions by volume, as determined by 

x-ray diffraction data. The foils were cut into small strips for use iri 

the measurements. Typically foils were 30 to 50~ thick with an area of 

a few square centimeters and the strips were typically 1 mm by 5 mm in 

size. 

B. Heat Treatment 

The samples were sealed in evacuated quartz tubes during heat treat­

ments. The temperatur~e \'las measured by a mercury thermometer for tempera­

tures below 300°C. A thermocouple was used for higher temperatures in­

volved in investigating part of the equilibrium crystalline phase field. 

The furnace temperature was stable to ± 2 .c during typical times used for 

heat treatments. 
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C. X-ray Diffraction 

The structure of the ingots and the liquid quenched foils was deter­

mined from the x-ray diffraction data obtained using a standard x-ray 

diffractometer (Ni filtered Cu Ka radiation). Amorphous foils were 

rejected if they initially contained any detectable crystalline phase 

inclusions as determined from the diffraction data. This criterion 

assures that the amount of.crystalline inclusions is less than a few 

percent of the sample by volume. 

A more accurate scan was obtained using a step scanning diffracto­

meter (Mo Ka radiation). This data was used to determine the detailed 

characteristics of the x-ray pattern. 

D. Density Measurements 

The density of ingots and foils was measured by the method of hydro­

statics weighing, (Archimedes' method) using toluene as the working fluid 

as described in reference [11]. Care had to be taken to make sure that 

the sample-was free of any deposits (finger oil, etc.) and that no air 

bubbles adhered to the foils when they were submerged into the toluene 

bath. Each sample was cleaned before weighing and irregular edges were 

removed. Measurements had an RMS standard deviation of 0.07% for ingots 

and 0.1% for liquid quenched foils. 

E. Superconducting Transition Temperatur~ (Tc) 

The induction method was used to measure Tc. Samples were placed in 

a small copper coil which forms one arm of an AC inductance bridge. The 

change in inductance due to the Meissner effect was measured as a 
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function of temperature through the use of a calibrated Germanium resis­

tance thermometer. The criterion for T was taken to be the temperature 
c 

at \-Jhich half of the total change in the inductance is observed. Typically 

the width of the transition is several hundredths of a degree {K). The 

entire assembly {samples, coils, thermometer, etc.) are located in a copper 

exchange gas cylinder. The temperature can be varied using a heating 

element also located in the exchange gas cylinder. 

F. Resistivity Measurements 

The resistivity of a small strip of amorphous Zr75 Rh 25 was measured 

as a function of time during annealing at a constant temperature. The 

sample was kept under a helium atmosphere and in close proximity to a 

titanium getter in order to prevent oxidation during the annealing period. 

A four point probe technique was used with the voltage and current lead 

spot welded to the strip. The absolute resistivity had previously been 

measured for unrelaxed foils, so only the change in resistivitywas 

measured. The annealing temperature was measured by a Pt-PtRh thermocouple. 

G. Upper Critical Field Measurements (Hc2) 

The upper critical field was determined by measuring the sample 

resistance as a function of the applied magnetic field at a series of 

different temperatures. The resistance was measured using a standard 

four point probe technique. The current density was approximately 

0.5 amps/cm2 (corresponding to a 0.1 milliamp current·source). The tem­

perature was determined by measuring the vapor pressure above the helium 

bath in which the sample was submerged. Magnetic fields ranging up to 

40 kG were supplied by a niobium-titanium superconducting solenoid. 
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The upper critical field is defined as the maximum field for which 

superconductivity exists in the bulk specimen at a fixed temperature. 

When the sample resistance is measured as a function of applied field, a 

well-defined rise in resistance occurs over a narrow field interval. For 

definitiveness, Hc2 was defined as the field for which the sample resistance 

is 50% of the normal state value. By using an x-y plotter, resistance 

versus applied magnetic field was traced for a number of fixed temperatures. 

II I. RESULTS 

A. Thermal Relaxation of the Amorphous State 

Amorphous foils were obtained near the composition of 75% Zr, 25% Rh 

as reported in reference [8]. This composition falls near a deep eutectic, 

as is common in liquid quenched amorphous materials. Although all of the 

properties measured (superconducting transition temperature, the upper 

critical field as a function of temperature, density, electrical resis­

tivity, and the x-ray diffraction pattern) varied slightly from foil to 

foil, the effects of annealing on the properties were substantially the 

same. 

The effect of annealing on Tc is illustrated in Fig. 1 where the 

relative inductance vs. temperature is shown for two strips of the same 

foil, one 11as quenched 11
, the other partially relaxed. The superconducting 

transition temperature (Tc) of the 11 as quenched 11 (unrelaxed). amorphous 

foils varied by roughly 0.08 K over the range 4.30 to 4.38 K. The decrease 

in Tc, as a result of full annealing, was between 0.20 and 0.30 K. 

Therefore a series of strips from a single foil were used in order to 

obtain a relaxation curve at a particular annealing temperature. This 
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As Quenched 

Inductance vs. Temp. 
A-Zr75 Rh25 

Annealed I hour 
at 280C 

soon goon 1ooo.n 
(4.52 K) (4.28K) (4.04K) 

Temperature 

Fig. 1. Relative inductance as a function of temperature for partially 

relaxed and unrelaxed amorphous Zr75Rh 25 . 
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procedure was repeated at different annealing temperatures using several 

different foils in order to get a representative sampling of foils. The 

relaxation curves were plotted with ~T (t)/6T (oo) vs. annealing time (t). c c 
~Tc(oo) is the total shift in Tc of t.he foil used, and ~Tc(t) is the shift 

in Tc after time t. The results are shown in Fig. 2. Table I lists Tc(O) 

and ~Tc(oo) for the foils used. 

The upper critical field (Hc2) was measured for a partially relaxed 

and an unrelaxed strip from a single foil. In Fig. 3, the resistance vs. 

applied field are plotted for various temperatures. From this an H 2(T} . c 

vs. temperature (T) plot can be made for each sample. Over the tempera-

ture range measured (3.0 to 4.2 K), Hc2 was.found to be linear: 

where 

-dHc2/dT = 30 ± 1 kG/K 

for both samples. The partially relaxed sample had an Hc2 approximately 

4.2 kG lower than the unrelaxed sample due to the lower Tc of th~ partially 

relaxed sample~ This corresponds to a shift in Tc of 0.14 K. Extrapolating 

from the Hc 2 data one gets a Tc of 4.38 ± 0.01 K for the unrelaxed sample. 

From th~ inductance measurements of Tc' it was found that the Tc of the 

unrelaxed sample was 4.38 K. For the partially relaxed sample 

~Tc{t)/~Tc{oo) = 0.72 and ~Tc(oo) = 0.21 K. This gives a shift in Tc of 

0.15 K. This serves as a consistancy check between the inductively 

measured Tc' and the Hc2 measurements. 
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0.1 0.5 1.0 5.0 I 0 
time (hours) 

0 Midpoint 

~Tc(00)~0.3K 

50 100 

Relaxation of the superconducting transition as a function of 

time at various annealing temperatures. 
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TABLE I. List of the superconducting transition temperatures for the 

samples used and the temperature at \'Jhich they were later 

annealed. 

4.32 

4.38 

4.30 

4.33 

.20 

.30 

. 21 

.28 

annealing temperature 

280 and 288 C 

246 and 225 C 

199 and 148 C 

176 and 269 C 
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Row Data -Applied Magnetic Field vs. Resistivity 
at Various Temperatures 

Unrelaxed 
Amorphous 

Zr75Rh25 

Relaxed 
Amorphous 

Zr75Rh25 
(95 hrs at 
148C) 

30 
(kG) 

40 

Resistance as a function of field; used to determine the upper 

critical field as a function of temperature. 
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Density measurements were made on a foil section (having an area of 

approximately 3 cm2) both before and after annealing at 288 C. The density 

before annealing was 7.570 ± .005 gm/cc and after annealing at 246 C for 

3 hours it was 7.581 ± 0.007 gm/cc. This gives a change in density of 

· 0.15% ± 0.11%. Unfortunately, the error in the density difference is of 

the order of the difference itself. The density of several other unrelaxed 

foils were measured and fell within the range of 7.57 ± 0.01 gm/cm3. 

The resistivity of the unrelaxed amorphous state has been reported to 

be approximately 220 ± 30 ~ncm at room temperature [12]. As with some other 

amorphous metals, the temperature coefficient of resistivity is negative 

over the range of 4.2 K to 300 C, and is approximately: 

(1/p) dp/dT = - 9.4 X 10-5 ± 1 X 10-6/K 

I 

over the range 100 C to 300 C. By measuring tha resistance of a strip 

during annealing at 269 C, a 4.4% ± 0.2% decrease in the resistivity. was 

observed between the unrelaxed and fully relaxed states. Fig. 4 gives 

this relaxation curve. Taking the midpoint of the resistivity relaxation 

curve and comparing it to the Tc relaxation curves, one finds that the 

two are in good agreement. Also it is interesting to note that the change 

1n resistivity due to annealing (4.4%) is of the same order as its change 

in Tc (6.5%). {See Table I.) 

In addition to using x-ray diffraction data to determine whether there 

are crystalline inclusions present in the amorphous foils, a detailed step 

scanning x-ray pattern was made of an unrelaxed sample and the same fully 

relaxed. The scan was made using Mo Ka radiation, and the sample consisted 

of a mo·saic of several foils.in order to obtain a large surface area for 
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Annealing Effect on Resistivity 
of Amorphous Zr75Rh25 
at 269 C 

0.05 0.1 
time (hrs) 

0.5 

Fi"g. 4. Electrical resistivity as a function of time for an annealing 

temperature of 269 C. 
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scattering. The total counts per scan step are listed on either side 

of the diffraction patterns in Fig. 5. The left side corresponds to the 

unrelaxed state, and the right side to the relaxed state. The relaxed 

sample was annealed for 3.5 hours at 255 C. ·The peak of the first amor­

phous band occurs at 16.57 ± 0.01° for the relaxed state, and at 

16.49° ± 0.01° for the unrelaxed state. Using the standard formula for 

the nearest neighbor distance [3]: 

1 

deff ~ (3/2)~ (A/2sin e) 

where 

A= .710688 ~for r~o Ka radiation. 

0 

This gives an effective nearest neighbor distance of 3.020 ± 0.001 A for 
0 

the relaxed state, and 3.035 ± 0.001 A for the unrelaxed state. This 

corresponds to a small decrease of 0.50% ± 0.04% in the average nearest 

neighbor distance as given by this formula. This result will be discussed 

later. 

These results demonstrate that the relaxed state and the unrelaxed 

state have somewhat different electrical and structural properties. 

Another property which was not quantitatively studied was stress relaxa­

tion. Foils subjected to a stress during annealing relax mechanically. 

This was observed when a foil placed in a quartz tube for annealing was 

bent to fit the curvature of the tube. Upon removal after annealing it 

was observed that the foil partially retained the curvature of the tube. 

This does not occur at room temperature. It was also observed that if one 

surface of the foil was lightly sandpapered, then the foil became. concave, 

bending away from the sandpapered surface. This indicates the presence 

of internal stresses in the 11 as quenched 11 foil. 
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Fig. 5. X-ray diffraction scan for the same sample before and after 

annealing at 255 C for 3.5 hours. 
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B. High Temperature Heat Treatment and Crystallization 

High temperature heat treatment of amorphous Zr75Rh 25 (relaxed or 

unrelaxed) resulted in crystallization. Heat treatment at 360 C for 5 

hours resulted in a metastable single phase having an E93 structure [9] 

(space group Fd 3m). This structure was verified by x-ray diffraction 

data. The Tc of the E93 structure was determined to be between 2.8 and 

2.9 K. This result is in contrast with the previously reported value 

of li.o K [9]. (In the present study, only samples containing the C-16 

phase Zr2Rh were observed to have a Tc near ll K.) Further heat treat­

ment at 600 C for one hour returns the alloy to its equilibrium structure 

of aZr + Zr2Rh. The aZr phase has an hcp structure with a solubility for 

Rh of less than 0.1% [15]. The x-ray pattern_of the Zr2Rh phase was 

indexed as a C-16 structure. A model of the C-16 structure ap~ears in 

reference [16]. The Tc of the C-16 structure is approximately 11.2 K as 

measured inductively. The use of this technique makes it impossible to 

find the T of the aZr solid solution when comparable amounts of the C-16 c . 
phase are present. The Tc of aZr has been reported to be much lower than 

that found for the C-16 structure [9]. 

The temperature gradient of the upper critical field (-dHc2/dT) near 

Tc was measured to be 30 ± 2 kG/K for the E93 structure of zr3Rh. Reference 

[14] reports the temperature gradient to be 10.5 kG/K for the equilibrium 

crystalline phase of Zr2Rh, which is tentatively identified as a C-16 

structure 1n this study. 

Fig. 6 shows· a partial phase diagram for the Zr-Rh system. The 

diagram is based on the previous diagram given in reference [4] and data 

from this study. The eutectic appears to be located somewhere near the 

composition of-25% Rh. The E93 phase does not appear on the phase diagram 
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Zr-Rh 1800 ,, ,, Partial Phase Diagram 
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Fig. 6. The Zr-rich portion of the Zr-Rh phase diagram. 



-18-

and according to the present study is a metastable phase. 

Density measurements were made on a series of ingots (heat treated 

at 600 C) with varying concentrations of rhodium. From this data a 

density versus composition graph was made, and is shown in Fig. 7. The 

density is linear in the concentration of rhodium between 0% Rh and 

33 l/3% Rh. This suggests that there are only two phases present, as 

.indicated in the phase diagram. Fig. 7 also includes data for amorphous 

Zr75Rh 25 and shows that it is.0.6% ± 0.1% less dense than the correspond­

ing crystalline alloy. The density of the E93 structure of zr3Rh varied 

somewhat from sample to sample, and fell .within the same range of densities 

as the amorphous state, 7.57 ± 0.01 gm/cm3. 

A summary ·of the crysta]l ine state properties and the co·rresponding 

amorphous·state properties appears in Table II. The properties listed 

are the superconducting transition temperature, the temperature gradient 

of the upper critical field, density and the heat treatment required to 

reach· that state starting from the unrelaxed amorphous state. 

IV. DISCUSSION 

Based on the Tc relaxation c~rves, it is possible to derive an 

activation energy for relaxation if one assumes that there is a single 

mechanism by which this relaxation occurs. This assumption is justified 

by use of the Arrhenius plot shown in Fig. 8. To .find the characteristic 

energy, let T1 be the annealing time required to reach the midpoint on the 
~ 

T~ relaxation curve at a given annealing temperature 
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Crystalline Zr75 Rh25 

p = 7.615±0.005 

Crystalline Allo 

(aZr+CI6} 

Zorphous 

(p = 7.57±0.01} 

Density of Zr-Rh Alloys 

(crystalline 8 amorphous) 

At. % Rh 

Density vs. composition for both the·equilibrium crystalline 

state and amorphous Zr75Rh 25 . 



TABLE II. Characteristic properties of various states of Zr75Rh 25 . 

Comments 

Heat Treatment* 

-dHc2/dT {kG/K) 

density {gm/cm3) 

Unrelaxed 
Amorphous 

4.33 ± 0.03 

30 ± 1 

. 7. 57 ±' 0. 01 

Relaxed 
Amorphous 

250 C, 5 hrs. 

4.08 ± 0.03 

30 ± l' 

7. 58 ± 0. 01 

Crystalline 
E93 

metastable 

360 C, 5 hrs. 

2.8 to 2.9 

30 ± 2 

7.57 ± 0.01 

. Crysta 11 i ne 
a.Zr + Zr2Rh 

equilibrium 

600 C, 1 hr. 

11.20 ± 0.03t 

'V 10.5 [14] 

7.615 ± .005 

* Typical heat treatment req~ired to reach this state from the unrelaxed amorphous state. 

t This applied to the range 15% to 33% Rh for which.the zr2Rh {C-16) phase is present. 

' N 
o 
' 
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o-r a: 6/k8T 
Ll/2 e 

6 s::s 0.86 ± 0.04 eV 

Fig. 8. Arrhenius plot for determining the characteristic activation 

energy of the relaxation process. 



-22-

Using the assumption of a single activation energy it follows that: 

where ~ is the activation energy and k
8 

is Saltzman's constant. Fig. 8 

shows the log of Tk in hours versus the inverse of the annealing tempera-
2 

ture {T) as given in the relaxation curves of Fig. 2 .. A single activation 

energy should result in a straight line with the slope giving the activa-

tion energy: 

where the subscripts on the T's and T's refer to any two poihts on the 

line in Fig. 8, and the subscript~ on the T'S has been dropped. From 

this one arrives at an activation energy of: 

~ = 0.86 ± 0.04 eV. 

Using this activation energy, one can estimate how often a jump over the 

barrier is attempted. If 

then 

and 
5 -1 v ~ 3.4 x 10 sec 

A typical Debye frequency is of the order 1013 to 1014 sec-l From this it 

would seem that the motion of several atoms must somehow coordinate in order 

for the jump to be possible. 
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Using x-ray data and the Scherrer formula for calculating nearest 

neighbor distances, one arrives at a 0.5% decrease in the average nearest 

neighbor distance. In a very simple picture, this would suggest a densi­

fication upon annealing, although it is very difficult to·'correlate the 

x-ray results \!Jith density change. The fact that the measured density 

do.es not change by more than 0.2% leads one to believe that the relaxa-

tion process is characterized by rather subtle atomic rearrangements. It 

was not possible to do a complete radial distribution function calculation 

during this study, therefore no further comments regarding the details of 

this rearrangement are possible. 

The purpose of determining H 2(T) was twofold. From a measurement c . 

of -dHc2/dT one can derive the diffusivity of the material; D = l/3 VF!L' 

where VF is the Fermi velocity and !L is the electron mean free path. The 

fact that the observed -dHc2/dT is the same before and·after annealing, 

can be interpreted to mean that the product of VF and ~ is not changed by 

annealing. A second property of the resistance versus applied field curve 

at constant temperature is the width of the normal to superconducting 

transition. In general a sharper transition indicates greater homogeneity 

of the material. Using the slope .of the resistance versus applied field 

curve (T fixed) taken at the 50% point of the transition curves in Fig. 3, 

indicates that the transition width of the unrelaxed state is approximately 

2.5 timesthat of the relaxed state over the range 0 to 40 kG. This implies 

a greater degree of homogeneity in the relaxed state. This result is 

consistent with a picture in which the unrelaxed specimen contains a 

macroscopic distribution of internal stresses which are relieved during 

relaxation. The curvature at the bottom of the resistance versus applied 

field plot is caused by flux flow in the sample, and th.e rounding of the 
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upper part of the curve is associated with fluctuations and surface effects. 

In looking at the effects on Tc and res·istivity one notes that they 

both change. by about the same amount and both are decreased. Thes.e :two 

quantities are not simply connected to one another. The T is determined by c 

the electronic band structure which is dominated by the 4d electrons, 

while the resistivity is primarily determined by the transport properties 

of the 5s electrons. An analysis of these observations is beyond the 

scope of thi_s study, but it is hoped that further investigations will be 

made in this area as it seems to be of use in understanding the properties 

of the amorphous state. 

An explanation of the annealing effects on the electrical properties 

might involve a relaxation of internal stresses and a change in t~e dis-

tribution of free volume. It has been suggested that internal stresses 

are frozen into the material during rapid quenching [4,6,17]. These internal 

stresses could be associated with an inhomogeneous distribution of free 

volume within the material on a macroscopic scale. Annealing causes homog-

enization of this free volume and may decrease the total free volume. This 

explanation is consistent with the resistivity and density measurements, as 

well as the width of the Hc2(T) transition. Stresses tend to increase 

structural scattering and this would account for a larger resistivity in 

the unrelaxed state. A decrease in the total free volume would lead to a 

slight densification of the material. Homogenization upon annealing is 

indicated by the sharper resistance versus applied field transition of the 

relaxed state than that of the unrelaxed state .. An explanation of the 

effects on Tc and -dHc2/dT is more difficult as one·would need greater 

knowledge of the microscopic atomic configurations and their theoretical 

connection with the microscopic parameters which appear. in the theory of 

superconductivity. 
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V. CONCLUSION 

LOitl temperature annealing of amorphous Zr75Rh 25 prepared by rapid 

quenching from the liquid state ~esults in a change in the superconduct-

ing transition temperature, electrical resistance, and homogeneity of the 

material. The change in these properties is suggested to be the result of 

a relaxation of internal stresses present in "as quenched'' specimens. These 

stresses are suggested tQ be associated with an inhomogeneous distribution 

of free volume in the "as quenched" material. An activation energy for the 

relaxation processes is found to be approximately 0.86 eV, if one assumes 

a singl·e relaxation process~ 

It is hoped that further work on this and other alloys may be used to 

give a greater insight into the microscopic state of an amorphous material. 
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