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Correlation between structural 
relaxation enthalpy and superconducting 
properties of amorphous ZrToCu30 and 
ZrToNi30 alloys 
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The anneal-induced change in the superconducting properties together with the irrecover- 
able relaxation enthalpy (AHi,exo) and recoverable relaxation enthalpy (AHr,endo) of 
amorphous ZrT0 Cu3o and Zr7o N i3o alloys was exam ined. The increase in AHi,ex o and the 
degradation of T c progress logarithmically with annealing time t a in a temperature range 
of 373 to 523 K. The activation energy and the attempted frequency were respectively 
estimated to be 1.5eV and 6.6 x 1013 sec -1 for the increase in AHi,ex o and 1.5eV and 
1.9 x 1014 sec -1 for the degradation of Tc. The recoverable structure relaxation exerts 
little effect on T c. Based on the agreement between the kinetic parameters for the 
changes of AHi,ex o and Tc, it appears that the degradation of T c on annealing is 
associated with the irrecoverable structural relaxation as a result of the annihilation of 
frozen-in defects and the topological and compositional atomic rearrangement. The values 
of the attempted frequency being of the order of Debye frequency suggest that the 
irrecoverable structural relaxation processes occur more or less independently from each 

other. The dressed density of electronic states at the Fermi level, N(Ef)(1 + X), deter- 
mined from the measured values of Pn and -- (dHe2/dT)Tc using GLAG (theory), was 

found to have a similar annealing dependence to that of Tc. The degradation of Tc by 
the irrecoverable relaxation was thus inferred as resulting from the decrease in X due to 
the decrease in N(Ef) and the increases in M and w. Furthermore, the irrecoverable 
structural relaxation resulted in a significant depression of fluxoid pinning force and was 

interpreted as due to an enhanced structural homogeneity on the scale of coherence 
length. 

1. Introduction 
When an amorphous alloy prepared by liquid 
quenching is subjected to heat treatments well 
below the glass transition temperature Tg, irre- 
coverable and recoverable structural relaxations 
take place, leading to the changes in various 
physical and thermodynamical properties. For 
instance, the superconducting transition tempera- 

ture T c has been reported to be lowered upon 
annealing for a number of amorphous supercon- 
ducting alloys such as Zr-Rh [1 ], Zr-Ni [2], Z r -  
Cu [3], Mo-Ru-B [4], Zr-Si [5] and Nb-Zr-Si  
[5], etc. However, there is no information 
regarding the correlation between the anneal- 
induced change in the superconducting properties 
such as To, upper critical magnetic field He2 (T) 
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and critical current density Je(H), and the amount 
of irrecoverable and recoverable structural relax- 
ation. Since the irrecoverable and recoverable 
structural relaxation have been inferred [6] as 
arising from a topological short-range ordering and 
a compositional short-range ordering, respectively, 
a distinguishing of the contribution of the two 
structural relaxations on the superconducting 
characteristics is of a vital interest. This paper 
examines the changes in the superconducting 
properties of Tc, He2(T ) and Je(H) and the 
thermodynamic parameters of specific heat and 
enthalpy upon structural relaxation for Zrv0Cu3o 

and Zrv0 Ni30 amorphous alloys subjected to various 
heat treatments below Tg, and investigates the 
correlation between the anneal-induced change in 
the superconducting properties and the structural 
relaxation. The Zr-Cu alloy is of particular 
interest as it is the only amorphous alloy system 
which is known to exhibit both superconductivity 
and glass transition phenomenon. It offers us a 
unique opportunity of interpreting quantitatively 
the effect of structural relaxation on the super- 
conducting properties of amorphous alloys. 

2. Experimental methods 
The materials used in the present work are 
ZrTo Cu3o and ZrToNi3o amorphous ribbons having 
about 20pm thickness and about 1.5 mm width. 
The amorphous ribbons were produced in argon 
atmosphere by the single-roller melt spinning 
method and the amorphous nature of  the as- 
quenched ribbons was confirmed by the diff- 
ractometer X-ray method using CuKc~ radiation 
combined with an X-ray monochrometer as well as 
transmission electron microscopy. 

The changes in the superconducting and electri- 
cal properties and the temperature dependence of 
specific heat Cp(T) upon annealing were examined 
on specimens annealed for the periods of t a = 1, 
10 and 100h at different temperatures in the 
range of 373 to 523 K in evacuated quartz cap- 
sules. Measurements of superconducting properties 
Tc, Je(H) and He2(T ) were made by the d.c. 
method using the four electrical probes and the 
a.c. susceptibility method using a Hartshorn 

bridge. The temperature was measured with an 
accuracy of +- 0.01 K using a calibrated germanium 
thermometer. A magnetic field of up to 9 T was 
applied perpendicular to the specimen surface 
and feed current. In addition, measurement of the 
normal electrical resistivity D(T) was made in the 

temperature range from 77 to 250 K by the four- 
electrical-probe method and the temperature was 
measured with an accuracy of +-0.1 K using a 
calibrated diode thermometer. 

The Cp(T) was measured with a differential 
scanning calorimeter (Perkin-Elmer DSC-II). The 
sample was thermally scanned at 40 K min -~ from 
320 to 645 K for ZrToCu3o and 630 K for ZrTo Ni3o 
to determine the Cp(T) of the as-quenched and 
annealed state. It was then cooled to 320 K, and 
reheated immediately to obtain the Cp,s(T) data 
of the "reference" sample. The change in the 
calorimetric behaviour with annealing was used to 
monitor the amount of structural relaxation. The 
accuracy of the data was about 0.8 J mo1-1 K -~ for 
the absolute Cp values, but was better than 
0 . 4 J m o l - l K  -1 for the relative Cp or ACp 
measurement. 

3. Results 
3.1. Change in Cp(T) behaviour on 

annealing t 
Figs. 1 to 3 show the change in the thermograms 
of Zr7o Cu30 amorphous samples with annealing at 
T a = 373,423,473 and 523K for t a = 1, 10 and 
100h, respectively. The Cp value of the as- 
quenched sample is about 26.2Jmo1-1 K -1 near 
room temperature, being almost the same as those 
of a number of metal-metalloid type amorphous 
alloys [7-10].  On subsequent heating, the Cp value 
begins to decrease indicative of a structural 
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Figure 2 The thermograms ot an amorphous ZrToCu~0 

alloy subjected to anneals for 10 h at various temperatures 
from 373 to 523 K. 

relaxation at about 368 K and shows a minimum 
value of about 20.8 J mo1-1K -1 in the vicinity of 
530 K. With further rising temperature,Cp increases 

gradually up to about 600K and then rapidly, 
indicative of a glass transition. The Cp of both the 
as-quenched (Cp,q) and the reference (Cp,s) sample 
approaches the equilibrium liquid values above 
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Figure 4 Change in the irrecoverable relaxation enthalpy 
as a function of annealing temperature (Ta) for an 
amorphous ZrTo Cu3o alloy annealed for 1, 10 and 100 h. 

644K. Such a Cv(T ) behaviour of the Zr7oCu3o 

amorphous alloy is very similar to the previous 
results [7-11]  for a number of amorphous alloys. 
The Cp(T) curves of the samples annealed at 
temperatures below 423K for 1 and 10h and 
below 373K for 100h reveal only a broad exo- 
thermic peak, whereas those of the samples 
annealed at higher temperatures closely follow the 
Cp, s curve up to each annealing temperature, and 
then exhibit an excess endothermic peak relative 
to the reference sample before the appearance of a 
broad and large exothermic peak. The exothermic 
broad peak is irrecoverable while the excess 
endothermic peak is recoverable. It has been inter- 
preted [7-11] that the recoverable relaxation 
arises from compositional short-range localized 
relaxation in regions of the more or less rigid 
matrix while the irrecoverable structural relaxation 
results from the annihilation of various kinds of 
quenched-in "defects" as well as the topological 
and compositional atomic regroupings. 

The area marked with oblique lines in Fig. 1 
represents the amount of irrecoverable structural 
relaxation during annealing for 1 h at 373 K and is 
expressed by 

z~-/i,ex o = fACp(= Cp, a -- Cp, q)dT (ACp/> 0) 

(1) 

The AHi,ex o values for ZrTo Cu3o amorphous alloy 
annealed for t a at Ta are plotted as a function of 
T a in Fig. 4. The AHi, ex o increases significantly 
with increasing T~ and t~ and the annealing for 
100 h at 523 K results in a saturated value of about 
1400 J mo1-1 , indicating that the topological struc- 
ture relaxation due to the annihilation of 
quenched-in "defects" and the atomic regrouping 
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Figure 5 Change in the recoverable relaxation enthalpy as 
a function of annealing temperature (T a) for an amorph- 
ous ZrTo Cu3o alloy annealed for 1, 10 and 100 h. 

is nearly complete. The endothermic enthalpy 
corresponding to the area marked with double 
oblique lines is given by 

AHr,endo = f A C p ( =  Cp,  a - -  Cp,s)dT (ACp/> 0) 

(2) 

Fig. 5 shows the AHr,endo values as a function of 
T a. The AHr, endo increases with increasing Ta and 
t a. It is about 59Jmo1-1 after annealing for 10h 
at 523 K, being smaller by a factor of about 25 
than the AHi, ex o values, however, the AHr,endo is 
not in saturation even after t a = 100h at 523 K. 

3.2. Change in Tc upon annealing 
Fig. 6 shows the change in the reduced resistance 
in the temperature range near Te for Zr70Cuao 
amorphous alloy with T a for t a = 1 h. With rising 

Ta, T e lowers from 2,69 K in the as-quenched state 
to 2.26K for the fully relaxed state. Further, it is 
noticed that the transition width from the normal 
to superconducting state decreases initially with 
Ta, and attains a minimum value (-~ 0.01 K) at 
T a = 423 and 473 K. It then increases with further 
increase in T a. Fig. 7 shows the change in T e of 
ZrToCu3o and ZrToNi3o amorphous alloys with 
T a and t a. Here T e is defined as the temperature 
corresponding to R / R  n = 0.5, where Rn is the 
resistance in the normal state. T e degrades 
definitely on annealing and the degradation is 
greater in the temperature range below 423K. 
The annealing condition where T e becomes 
saturated is T a = 5 2 3 K  and t a = 1 0 0 h  for 
ZrToCu3o alloy, in good agreement with that in 
which the increase in the AHi, ex o is saturated. The 
saturated T e value of the fully relaxed amorphous 
alloy is 2.24K for ZrToCuao and 2.78K for 
ZrqoNiao, which are independent of the previous 
thermal conditions. 

3.3. Change in Tc upon recoverable 
structural relaxation 

In the previous subsection (3.1), it was shown that 
the irrecoverable structural relaxation causes a 
degradation of T e and the degradation ratio 
reaches 17% for ZrToCuao and 12% for ZrToNiao. 
We examined here the change of T e upon the 
recoverable structural relaxation. Fig. 8 illustrates 
the annealing process which was performed for 
ZrToCuao amorphous alloy in order to examine the 
influence of the recoverable structural relaxation 
on T e. The "A" treatment results in a completion 
of the irrecoverable structural relaxation. On a 
subsequent treatment "A + B" a recoverable 
short-range ordering develops in the topologically 
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relaxed amorphous phase and a further treatment 
"C" results in an annihilation of the short-range 
ordering which developed during the "A + B" 
treatment, and leads to the same amorphous 
structure as that after the "A" treatment. 

Fig. 9 shows the change in the a.c. susceptibility 
(X') in the temperature range near T c for ZrTo Cu3o 
amorphous samples on each treatment of "A", 
"A + B" and "A + B + C". Here T e was defined 
as the temperature where the straight line extrapo- 
lated from the saturated part of X' intersects that 
from the rapidly increasing part of X'. As seen in 
the figure, T~ is 2.63 K for the as-quenched state 
and decreases to 2.22K on the "A" treatment. 
The T c value is almost equal to that (2.23 K) of 
the sample in which the irrecoverable relaxation 
was complete upon annealing for ta = 100h at 
T a = 523 K. The T c value of the sample subjected 
to the " A +  B" treatment is also 2.22K and 
remains unchanged in spite of the development of 
short-range ordering. In addition, the T e exhibits a 

nearly constant value (2.26 K) after the annihilation 
of the short-range ordering by the "A + B + C" 
treatment. Thus there is no detectable change in 
T e by the development of  recoverable short-range 
ordering and it is therefore concluded that the 
degradation of T e on annealing arises from the 
development of topological and compositional 
short-range ordering caused by the irrecoverable 
structural relaxation. This conclusion is also 
supported from the results shown in Figs. 3 and 7 
that the T e value (2.24 K) of the sample annealed 
at 523K for 100h, in which the irrecoverable 
structural relaxation was complete and only the 
recoverable compositional ordering developed 
significantly, is almost equal to those (2.22 or 
2.26K) of the samples subjected to the "A" or 
"A + B + C" treatment. 

3.4. Change in He2 (T) upon annealing 
Fig. 10 shows the temperature dependence of He2 
near T c for ZrToCu30 amorphous alloy annealed 
for 1 h at different temperatures ranging from 373 
to 573 K. The solid lines represent a linear relation 
o f H e 2 ( T  ) near T c. It is seen that He2 near T e 

increases linearly with lowering temperature. The 
-- (dHc2/dT)T c values of ZrToCu3o amorphous 
alloy annealed for t a = l ,  10 and 100hare shown 
as a function of T a in Fig. 11. The gradient is 
2.60 T K -1 in the as-quenched state and decreases 
with increasing Ta and ta, i.e. 2.45 T K  -1 for 10h 
at 473 K and 2.40 T K -1 for 100 h at 523 K. 

3.5. Change in fluxoid pinning force upon 
annealing 

Fig. 12 shows the magnetic field dependence of arc 
at 1.40 K for ZrTo Cu3o amorphous alloy in the as- 
quenched and annealed states for 1 h at 373 and 
473 K. Annealing causes a significant depression of 
Je(H)  values and the depression increases with 
rising T a. Such a tendency agrees well with the 
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Figure 8 Schematic diagram of the annealing 
treatments leading to the generation and dis- 
appearance of the recoverable structural 
relaxation for an amorphous ZrToCu~o alloy. 
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previous results [4, 5] for M o - R u - B ,  N b - Z r - S i  
and Zr-Si  amorphous alloys. This indicates that 
the fluxoid pinning force in the amorphous phase 
becomes weaker with proceeding irrecoverable 
structural relaxation. Since the depression of 
Je(H) o n  annealing shown in Fig. 12 is considered 
to reflect the lowering of T e and H~2, the fluxoid 
pinning force Fp as a function of magnetic field 
B/H~2 was plotted in Fig. 13, where Fp is calcu- 
lated by B x J~. The maximum Fp at 1.40 K is 
about 2.5 x 104Nm -3 in the as-quenched state 
and decreases with increasing Ta, i.e. about 1.2 x 
104Nm -3 at T a = 3 7 3 K  and about 0 .9x  
104Nm -3 at T a = 4 7 3 K .  The value of B/He2 
where Fp shows a maximum value also decreases 
with proceeding structural relaxation, i.e. about 
0.16 for the as-quenched sample, about 0.12 for 

2 3 2 8  

the sample annealed at 373 K and about 0.07 for 
the sample annealed at 473 K. A comparison is 
made at the same values of the reduced tempera- 
ture and the reduced magnetic field as shown in 
Fig. 14, in which Fp values at a reduced tempera- 
ture t = TIT c = 0.84 were shown as a function of 
B/He2 for ZrToCu30 alloy in as-quenched and 
annealed (T a = 373 K and ta = 1 h) states. Anneal- 
ing results in decreases in the maximum Fp values 
from 0.52 x 104 to 0.46 x 104Nm -3 and the value 
of B/Hc: at Fp,ma x from 0.18 to 0.15. These 
results suggest that the irrecoverable structural 
relaxation in the amorphous phase causes a 
decrease of the fluxoid pinning force through an 
increase in the homogeneity in the amorphous 
structure on the scale of coherence length 
(--~ 8.7 nm). 
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Figure 10 Temperature dependence of upper critical 
field Hcz of an amorphous ZrToCu~o alloy annealed for 
1 h at various temperatures from 373 to 523 K. 

3.5. Change in normal electrical resistance 
R(T)  upon annealing 

The normal electrical resistance of  ZrToCu3o 
amorphous alloy in the as-quenched and annealed 
states for 100h  at 373 and 523 K was measured in 
the temperature range from 77 to 250K and its 
normalized resistance R/R77 is plotted as a func- 
tion of  temperature in Fig. 15. It can be seen that 
the R/RT7 value in the range from 150 to 250K 
varies almost linearly with temperature. The 
temperature coefficient of  resistivity (TCR) at 
250 K, 1/p2so(dp/dT), is negative and its magnitude 
decreases with proceeding structural relaxation, 
e.g. 1.45 x 10 -4 for the as-quenched sample, 
1.40 x 10 -4 for the sample annealed for 100h at 
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Figure 11 Change in the temperature gradient of He2 near 
Te, --(dHm/dT)T e, as a function of annealing tempera- 
ture for an amorphous ZrToCu3o alloy annealed for 1, 10 
and 100 h. 
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Figure 12 Critical current density, Je, at 1.40K as a 
function of magnetic field of an amorphous ZrqoCu3o 
alloy in the as-quenched and annealed states. 

373 K and 1.23 x 10 -4 for the sample annealed for 
100h at 523 K. 

4.  Discussion 

4.1. Act ivat ion energy for irrecoverable 
structural relaxation 

Based on the data of Figs. 1 to 4, the normalized 
enthalpy relaxation, AHi, exo(Ta, ta)/AHi,exo(~176 
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Figure 13 Fluxoid pinning force Fp as a function of 
reduced magnetic field b =B/He2 for an amorphous 
ZrToCu3o alloy in the as-quenched and annealed states. 
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Figure 14 Fluxoid pinning force Fp at the same reduced 
temperature t = TIT e = 0.84 as a function of reduced 
magnetic field b =B/He2 for an amorphous ZrToCu3o 
alloy in as-quenched and annealed states. 

as a function of the logarithm of t a at various T a is 
replotted in Fig. 16, where AHi, exo(oo) is for the 
as.quenched alloy. AHi, exo(T a, ta)/&H~exo(o~ 
scales linearly with log t a in the temperature range 
of 373 to 523 K. rl/2, the annealing time required 
to reach the midpoint of the irrecoverable relax- 
ation enthalpy at a given Ta, is plotted in Fig. 17 
as a function of the inverse of Ta(1/Ta). "cl/2 
follows an Arrhenius equation: 

T1/2 = ro exp (E/ksTa) (3) 

where E is the activation energy and k s is the 
Boltzmann constant. The activation energy deter- 
mined from the slope in Fig. 17 was found to be 
1.5 eV. Assuming a first-order reaction process, the 
attempted frequency, Vo, is evaluated to be 
approximately 6.6 • 10 ~ sec -1, being nearly the 
same order as the Debye frequency (v D ~- 
1013 to  1014 sec-1) .  This result may allow us to 

infer that the irrecoverable structural relaxation 
occurs more or less independently from each other 
in a noncooperative manner. 

Similarly, the ratio of the difference between 
the superconducting transition temperature of the 
as-quenched sample, Te,q, and that of annealed 
sample, To,a, [ATe(Ta ,  t a )  = To, q - -  To,a] to the 
largest difference between Te, q and the lowest 
To,a[ATc(~176 is plotted as a function of In t a at 
different Ta in Fig. 18 for ZrToCU3o. AT~(Ta, ta)/ 
ATe(~ ) varies linearly with in ta, similar to the 
result of the irrecoverable relaxation enthalpy 
(Fig. 17). 

The In [rl/2 (h)] at a given Ta is plotted as a 
function of l IT a in Fig. 19, where ~1/2 is the 
annealing time required to reach 0.5ATe(Ta, 
ta)/ATe(~176 ). The activation energy determined 
from the slope in Fig. 18 is about 1.5 eV and the 
jump frequency (Vo) over this barrier evaluated 
from the activation energy is about 1.9• 
1014 sec -1" 

The E and v o values obtained from the ratio of 
the lowering of Te, AT~(T a, ta)/ATe(~176 ) are in 
good agreement with those obtained from the 
irrecoverable relaxation enthalpy. The good agree- 
ment of both the E and Vo values allows us to 
conclude that the degradation of T c on annealing 
originates from the irrecoverable structural relax- 
ation due to the annihilation of various kinds of 
quenched4n defects such as voids, vacancies and 
density fluctuations, etc. as well as the topological 
and chemical instabilities. 

We noted the endothermic reaction which has 
been considered to correspond to the recoverable 
relaxation arising from short-range localized relax- 
ation in regions of the more or less rigid matrix [9] 
does not play a significant role in the degradation 
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Figure l6Change in the increasing 
ratio of the irrecoverable relaxation 
enthalpy AHi, ex o as a function of 
logarithm of annealing time for an 
amorphous ZrToCu3o alloy annealed 
at various temperatures from 373 to 
573K. 

of To, being consistent with the conclusion derived 
from the data of the a.c. susceptibility. These con- 
clusions are also supported by the fact that the 
degradation of T~ always occurs irrecoverably and 
no recoverable change in T c is observed for all the 
amorphous superconductors examined'up to date. 

4.2. Changes in o ther  superconduct ing 
parameters on irrecoverable structural  
re laxat ion 

In order to clarify the microscopic origin of the 
depression of T e by the irrecoverable structural 
relaxation, the changes in the dominating par- 
ameters for T e upon annealing were investigated 
for ZrToCU~o amorphous alloy. McMillan's [12] 
superconducting theory, which is applicable to an 
intermediate strong-coupling superconductor, 
states that T e is dominated by the Debye tempera- 
ture 0 D and the electron-phonon coupling 
constant X; the larger the 0t~ and X the higher 
the Te, but the contribution is much larger for X. 
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Figure 17 Arrhenius plot for determining the activation 
energy for the irrecoverable relaxation enthalpy for an 
amorphous Zr 70 Cu30 alloy. 

The electronic dressed density of states at the 
Fermi level N*(Ef) = N(Ef)(1 + X) was estimated 
from the measured values of the He2 gradient near 
T o , -  (dHe2/dT)7,e, and normal electrical resis- 
tivity, Pn, by using the following expression based 
on the Ginzburg-Landau-Abrikosov-Gorkov 
(GLAG) theories (see [13] for example). 

rr tdH~I 
N(Ef)(1 + X) = 8k~epn 1--~- ] Tc (4) 

The formula is applicable in the dirty limit where 
the electron mean free path is much less than the 
BCS superconducting coherence length l ~ ~o. This 
criterion is well satisfied for the present amorph- 
ous superconductor with extremely high electrical 
resistivity (~--1.90g~2m). The values of N(E~) 
(1 + X) thus obtained are summarized in Table I, 
together with the experimental values of To, Pn 
and -(dHc2/dT)r  e. Additionally, two parameters 
characterizing the amorphous superconductors of 
the GL coherence length ~GL(0) at OK and the 
electronic diffusivity D estimated from an 
extended GLAG theory are also represented for 
reference. As seen in Table I, the N(Ef)(1 + X) 
decreases from 2.50 • 1047 to 2.17 x 1047 states 
m-a j-1 spin-Z with increasing Ta. Fig. 20 shows 
the correlation between T c and N(E~)(1 + X) for a 
series of ZrTo Cuao samples in the as-quenched and 
annealed states. A correlation that the larger the 
N(Ef)(1 + X) value the higher the T c is seen. This 
suggests that the degradation of T~ by the 
irrecoverable structural relaxation is interpreted as 
due to the decrease in X and/or N(E~). 

The Eliashberg equation, which gives the 
accurate numerical solution of T~, describes the 
relation between the X and the phonon frequency 
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T A B L E  I Superconducting transition temperature To, the residual electrical resistivity an, He2 gradient at 
T e - (dHeJdT)Tc, the dressed density of states at the Fermi level N(Ef)(1 + X), the GL coherence length ~GL(0) and 

the electronic diffusivity D for ZrToCuao amorphous alloy in as-quenched and annealed states 

Ta(K) X ta(h) Te(K) Pn(# s2m) -- (dHc2/dT)T c N(Ef) (1 + ;k) ~GL(0) D 
at 4.2 K (TK -1) (104~ states m -3 (nm) (ram ~ sec- ~ ) 

j - t  spin-a) 

As-quenched 2.69 1.85 2.60 2.50 8.2 42 
373 X 1 2.56 1.83 2.55 2.48 8.3 43 
373 X 10 2.53 1.85 2.55 2.45 8.3 43 
373 X 100 2.51 1.86 2.50 2.39 8.4 44 
423 • 1 2.39 1.89 2.55 2.40 8.6 43 
423 X 10 2.34 1.88 2.50 2.37 8.8 44 
423 X 100 2.28 1.86 2.45 2.34 9.0 45 
473 X 1 2.32 1.91 2.50 2.33 8.8 44 
473 X 1'0 2.29 1.89 2.45 2.26 9.0 46 
473 X 100 2.24 1.91 2.40 2.24 9.1 46 
523 X 1 2.28 1.94 2.45 2.25 9.0 45 
523 X 10 2.26 1.97 2.40 2.17 9.1 46 

co as follows [12]: 

X = 2 c~(60)F(co)d60/60 (5) 
0 

Here F(60) is the phonon spectrum and a(60) is the 
e l ec t ron -phonon  matr ix element. Although there 
is no information on the change in the quanti ty 
a2(60)F(w) for an amorphous phase by structural 
relaxation, the change in X on annealing can be 
inferred by  using the following McMillan factoriz- 

ation of  X: 

X - N ( E f ) ( I 2  ) (6) 
M(60  2 ) 

where (12 ) is the average over the Fermi surface 
of  the square o f  the electronic matr ix element, M 
the average ionic mass and (6o 2 ) an average of  

the square of  the phonon frequency. There are a 
number of  reports that the irrecoverable structural 

relaxation of  an amorphous phase causes an 
increase in density by  about 0.5% [14] and the 
Young's modulus sound velocity (VE) by about 
7% [15-17] .  Based on the Debye approximation,  
the V E is expressed in terms of  the Debye phonon 

frequency 600 and 0 D as follows [18]: 

= kB~o = on -a--- (7) 
y~ h 

Here N/~2 is the number of  atoms per unit volume. 
Equation 7 clearly indicates that the increase in 

V E corresponds to the increase in 60D and 0 D. In 
addit ion,  it has been clarified from low-temperature 
specific-heat measurement [3, 19] that  the N(E~) 

(1 + X) value of  Zr74 Cu26, ZrT0 Cuao and Zr64 Cu36 
amorphous alloys decreases by  about 3 to 4% on 
annealing at 423 to 473 K for 10 to 20 h. Accord- 
ingly, the decrease in X by the irrecoverable 
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Figure 18 Change in the degradation 
ratio of T c as a function of logarithm 
of annealing time for an amorphous 
ZrToCUao alloy annealed at various 
temperatures from 373 to 573 K. 
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Figure 19 Arrhenius plot for determining the  activation 
energy for the degradation of T e for an amorphous 
Zr~0Cu30 alloy. 

structural relaxation is thought to originate from 
the increase in M and (co 2) and the decrease in 
N(Ef), even though the change in ( I  2) by struc- 
tural relaxation remains unknown for the present 
amorphous superconductor. From the above- 
described discussion, the degradation of Te by the 
irrecoverable structural relaxation is inferred to 
originate from the decrease in X due to the 
increase of M and (co 2) and/or the decrease in 
N(E~). This inference is consistent with the pre- 
vious interpretation [5] for N b - Z r - S i  and Zr-Si  
amorphous alloys. 

Recently, Inoue et al. have found the existence 
of a close correlation between T~ and the electrical 
residual resistivity Pn for superconducting N b -  
Zr-Si  [20], Zr-Si  [21] and Zr -Ge  [21] amorph- 
ous alloys; the higher the Pn the lower the To, 
even though different types of electrons respond 
for normal electrical resistivity and for supercon- 
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Figure 20 Correlation between T e and N(Ef)(1 + ~.) for 
an amorphous  ZrToCu~o alloy in as-quenched and annealed 
states.  

ductivity, s-electrons carry most of the normal 
state current, whereas the d-electrons are mainly 
responsible for superconductivity. Such a corre- 
lation allows us to entertain the expectation that 
the strong correlation between T e and Pn might 
also exist for ZrToCua0 amorphous alloy in as- 
quenched and relaxed states. Although there is 
considerable scatter in Pn owing to the lack of 
uniformity in sample form, the On values sum- 
marized in Table I tend to increase slightly with 
proceeding structural relaxation. The tendency is 
consistent with the previous data [22, 23] that the 
irrecoverable structural relaxation of an amorph- 
ous phase causes an increase in Pn by about 2%. 
Accordingly, the ZrT0 Cu3o amorphous alloy in as- 
quenched and annealed states is concluded to have 
the same tendency that the higher the Pn the 
lower the T c. Such a close correlation can be 
qualitatively interpreted by the following simple 
relation: 

Pn ~ [N(Ef) De2 ]-1 (8) 

The theoretical derivation of a similar correlation 
[N(Ef) cc 1/Pn ] has been presented in the studies 
of T c and Pn for crystalline Nb3Ge and niobium 
film superconductors [24]. Table 1 shows that the 
D-value tends to increase slightly with proceeding 
structural relaxation. Accordingly, Equation 8 
allows us to infer that the degradation of T e and 
the increase in Pn upon structural relaxation arise 
from the decrease in N(Ef). 

Furthermore, it was shown in Fig. I5 that the 
temperature coefficient of resistivity (TCR) at 
250K, 1/p25o(dp/dT), of ZrT0CU3o amorphous 
alloy increased with proceeding structural 
relaxation for --1.45 x 10 -4 in the as-quenched 
state to - - 1 . 2 3 x 1 0  -4 at T a = 4 2 3 K  for t a =  
100h, in good contrast to the proportional 
relation between TCR and X which has been 
previously recognized for a number of  crystalline 
superconductors such as Nb3Ge, niobium, Ag-Ga, 
Au-A1 and Au-Ga  [24-27] as well as amorphous 
Zr-Si  and Zr -Ge  superconductors [21]. However, 
if only the absolute value of TCR is taken into 
consideration, one can notice the existence of the 
previous proportional relation; the smaller the 
absolute value of TCR the smaller the X. This may 
permit us to interpret that the observed decrease 
in the absolute value of TCR for ZrToCu30 
amorphous alloy by structural relaxation arises 
from the reduction in X and the relaxation-induced 
reduction in X also causes the degradation of T c. 
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5. Summary 
In order to clarify the mutual relation between the 
structural relaxation enthalpy and the changes in 
the superconducting properties, the changes in the 
Cp(T), the relaxation enthalpy, Tc,He2(T),Jc(H ) 
and Fp upon annealing were examined for 
ZrToCu30 and Zr7oNi3o amorphous alloys by using 
a differential scanning calorimeter as well as by a 
conventional four-electrical-probe and Hartshorn 
bridge techniques. The results obtained are 
summarized as follows: 

1. The irrecoverable structural relaxation on 
annealing occurs logarithmically with annealing 
time in the temperature range examined. The 
activation energy for the irrecoverable relaxation 
enthalpy was 1.5eV for ZrToCu3o and the 
frequency of jump over the barrier was about 
6.6 x 1013 sec -1. The irrecoverable relaxation 
enthalpy is larger by a factor of about 25 than the 
recoverable relaxation enthalpy. 

2. T c degrades linearly against the logarithm of 
t a in the temperature range from 373 to 523 K and 
the activation energy and the jump frequency for 
the degradation of T c are about 1.5eV and 
1.9 x 1014sec-1, respectively. From the good 
agreement between the activation energies and the 
frequencies of jump over the barrier for the 
increase in AHi, cxo and the degradation of Tr as 
well as the invariableness of T c before and after 
the recoverable structural relaxation, it is 
reasonably concluded that the degradation of T c 
occurs by the irrecoverable structural relaxation. 

3. The dressed density of  electronic states at 
the Fermi level N(E0(1 + X) which was calculated 
from the measured values of Pn and--  (dHc2/dT)T c 
by using the GLAG theories, exhibits an annealing 
dependence similar to that of To. From this 
correlation, the degradation of T c by structural 
relaxation was interpreted as originating from the 
decrease in X due to the increase in M and co as 
well as the decrease in N(E~). 

4. The Je(H) and Fp decrease significantly by 
the irrecoverable structural relaxation as a result of 
an enhancement of the homogeneity in the 
amorphous structure on the scale of coherence 
length due to the annihilation of various kinds of 
quenched-in defects and the topological and 
compositional atomic regroupings. 
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