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Effect of annealing on the superconducting 
properties of two amorphous alloys: 
NbT0ZrlsSi15 and ZrssSils 
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The changes in the superconducting and electronic properties of amorphous NbToZr15Si15 
and Zr85Sils alloys with annealing were examined with an aim to evaluate the effect of 
structural relaxation on the superconductivity of metal-metalloid type amorphous 
alloys. Tc rises once from 3.99 to 4.42 K on annealing at temperatures below about 473 K 
for the Nb-Zr -S i  alloy and from 2.71 to 2.75 K at temperatures below about 373 K for 
the Zr-Si  alloy, and with further rising annealing temperature, td, lowers monotonically 
to a final relaxed value (--~ 3.15 K for NbToZrlsSils and --~ 2.49 K for ZrasSils), which is 
independent of the previous thermal cycling. These results indicate that the thermal 
relaxation of an amorphous phase occurs through at least two stages. The lowering of Tc 
occurs exponentially with td, and an activation energy for the relaxation process and the 
frequency of jump over the barrier were estimated to be about 2.03 eV and 2.4 x 1014 
sec -1 for NbToZrlsSi15 and about 1.28 eV and 1.2 x 1011 sec -~ for Zr85Si15, respectively. 
The high frequencies indicate that the relaxations occur more or less independently of 
each other in a non-co-operative manner. The dressed density of electronic states at the 
Fermi level, N(Ef) (1 + X), which was calculated from the measured values of Pn and 
(dHc2/dT)Tc, exhibited a similar annealing temperature dependence to that of Tc. From 
this the change in Tc on thermal relaxation was interpreted as due to the changes in ?, 
and/or N(Ef). From the depressions of Jo(H) and fluxoid pinning force on annealing in a 
temperature range of 473 to 873 K, it was concluded that the structural relaxation from a 
less homogeneous quenched-in state to a homogeneous stable state occurred on the scale 
of coherence length (--~ 7.5 nm) during the annealing. 

1. Introduction 
It has become clear in recent years that mechanical, 
magnetic and electrical properties as well as the 
structure of amorphous alloys change significantly 
upon annealing at temperatures much below crys- 
tallization temperature because of the thermo- 
dynamically metastable state of the amorphous 
phase [1]. Since the superconducting properties 
are also very structure-sensitive, it is expected that 
they might be strongly affected by the change in 

microscopic structure upon low-temperature 
annealing. Further, the researches on the change 
in the superconducting properties by thermal 
relaxation offer useful information on the struc- 
tural change in the annealed amorphous phase. Up 
to date, a few investigations have been reported 
on the influence of thermal relaxation on the 
superconducting properties in some amorphous 
alloys such as Zr -Rh [2], Zr-Ni [3] and Mo-  
Ru-B  [4] systems. According to their results, the 
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superconducting transition temperature (To) of 
the zirconium-based and molybdenum-based amor- 
phous alloys lowers monotonically with proceed- 
ing thermal relaxation. More recently, we have 
carried out a systematic research on the influence 
of low-temperature annealing on the superconduct- 
ing properties of metal-metalloid type amorphous 
alloys of niobium-based and zirconium-based 
systems and have found that the change in T e 
upon annealing is distinguished by two stages; T c 
rises at first and then lowers with proceeding 
annealing. This result is not always consistent with 
the previous data [2-4]  of Zr-Rh,  Zr-Ni  and 
M o - R u - B  amorphous alloys which show only a 
monotonic lowering of Te. In this paper, we present 
the results of the effect of thermal relaxation on 
the superconducting properties of Te, upper 
critical magnetic field, He2(T), critical current 
density, Jc(H), and flux flow resistivity, pf(H), 
for amorphous NbToZrlsSils and ZrssSils alloys. 
The two alloys were chosen because they exhibited 
typical characteristics of an amorphous supercon- 
ductor [5, 6] and rather high crystallization tem- 
peratures [7] which enable them to be annealed 
in a wide temperature range. 

2. Experimental methods 
The amorphous superconductors selected for this 
study are NbToZrlsSils (at %) and ZrssSils alloys, 
and the superconducting properties of Te, the 
transition width and the He2 gradient near Tc 
[--(dHc2/dT)we] are 3.99K, 0.15K and 1.67 x 
106 Am -1 K -1 (2 .10TK -1) for NbToZrlsSils, and 
2.71 K, 0.05 K and 2.30 x 10 6 Am -1K -1 (2.89T 
K -1) for ZrssSils, respectively. Additionally, 
the crystallization' temperature (7"=)was 1030K 
for the niobium-based alloy and 759 K for the 
zirconium-based alloy. T x is defined as the onset 
temperature of the exothermic peak on the differ- 
ential thermal analysis (DTA) curve measured at 
a heating rate of 40 Kmin -~. The master ingots of 
the two alloys were made under a purified and 
gettered argon atmosphere in an arc furnace on a 
water-cooled copper mould from niobium (99.5 wt 
%), zirconium (99.6 wt %) and silicon (99.999 wt 
%). The ingots were repeatedly turned over and 
remelted to ensure homogeneity. The compositions 
of alloys reported are the nominal ones since the 
losses during melting were negligible. 

The technique and apparatus for fabricating 
ribbon samples with a typical cross-section of 
about 20/~m x 1 mm and the method of charac- 
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terizing the amorphous nature of the samples by 
DTA, X-ray and electron metallographic tech- 
niques have been described elsewhere [8, 9]. The 
change in the superconducting properties upon 
annealing was examined on specimens annealed for 
various periods of 1 to 100h at different tempera- 
tures in the range of 373 to 1073 K in evacuated 
quartz capsules. All measurements of supercon- 
ducting properties Te, Jc(H), Hc2(T) and p~(H) 
were done resistively using a conventional four- 
probe technique. The critical current was defined 
as the threshold current at which no-zero voltage 
(~-- 1/~V) was first detected. The temperature was 
measured within an accuracy of + 0.01 K using a 
calibrated germanium thermometer. The magnetic 
field up to 7.2 • 106 Am -1 (9.0 T) was applied 
perpendicularly to the specimen surface and feed 
current. The cross-sectional area was measured 
using optical microscopy in order to minimize 
error in the estimation of the electrical resitivity. 

3. Results 
3.1. Superconducting transition 

temperature (Tc) 
Fig. I shows the normalized electrical resistance 
near T e for a series of amorphous NbToZrlsSils 
samples annealed for I h at different temperatures 
ranging from 373 to 1073 K. We defined Te as the 
temperature corresponding to R/R n = 0.5, where 
R n is the resistance in the normal state. The tran- 
sition occurs rather sharply with a temperature 
width of less than about 0.2 K and there is no 
systematic change in the transition behaviour from 
normal to superconductive state with annealing 
temperature. T c and normal electrical resistivity 
(On) just above Tc of the NbToZrlsSils alloy 
obtained from the data in Fig. 1 are plotted as a 
function of annealing temperature in Fig. 2, where 
the transition boundaries from amorphous single 
state to the state including crystalfine phase deter- 
mined by X-ray diffraction are also shown for 
reference. Upon annealing, Tc rises at first by 
about 0.4 K in the range of 373 to 473 K and then 
lowers in the range of 573 to 873 K. A slight rise 
of T e at 973 K originates from the precipitation of 
superconductive ~Nb(Zr) particles with a bcc 
structure [10] into the amorphous matrix. It is 
noteworthy in Fig. 2 that the T e value of the 
amorphous alloy exhibits a difference of as large as 
about 1.3 K, even in the amorphous single state. 
Fig. 2 also shows the change in the normal elec- 
trical resistivity (Pn) at temperatures just above T c 
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Figure 1 Normalized electrical 
resistance, R/R  n, near T e for 
an amorphous NbvoZrlsSi~s 
alloy annealed for l h  at 
various temperatures. 

as a function of  annealing temperature. The Pn 
decreases monotonically from 1.90 to 1.75/~f2m 
in a temperature range below about 800 K, then 
exhibits a slightly higher value = 1.8/~2m in the 
vicinity o f  the temperature just before the crystal- 
lization starts and decreases rapidly down to 1.0 
/ag2m after crystallization. 

A similar change in T e with annealing tem- 
perature was observed for an amorphous ZrasSils 
alloy. The results are shown in Figs. 3 and 4. T~ 
rises by about 0.05 K on annealing at a tempera- 

ture as low as 373 K, while the subsequent anneal- 
ing causes a lowering from 2.75 to 2.49 K, even in 
the amorphous state. Further, one can notice in 
Fig. 4 that T e is lowered significantly down to 
1.4 K by the transition from amorphous to crystal- 
line phase. The maximum difference in T e in the 
amorphous single state of  the ZrssSils alloy is 
about 0.26 K, being about a fifth of  that (1.3 K) 
of  NbToZrlsSi15 alloy. 

Fig. 5 shows the changes in T c and transition 
width of  a series of  NbToZrlsSils samples upon 
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Figure 2 Changes in the superconducting 
transition temperature (:ire) and normal 
electrical resistivity just above T c (On) of 
an amorphous NbToZrlsSi15 alloy with 
annealing temperature. 
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Figure 3 Normalized electrical resistance, 
R/Rn, near T e for an amorphous Zr~sSils 
alloy annealed for I h at various tem- 
peratures. 

isothermal annealing for 1 to 100h at various 
temperatures. The open markings represent an 
amorphous single state, the closed markings a 
crystalline state and the semi-closed markings a 
duplex state of amorphous and crystalline phases. 
T e rises from 3.99 to 4.62 K with annealing time 
in the range of 373 to 573 K, whereas the anneal- 
ing at temperatures above 673 K results in a lower- 
ing to a final relaxed value of ~--3.15K. The T e 
rises most remarkably at 373 K and the rise is as 
large as 0.63 K after annealing for 100 h. Further, 
it is very important to note that the T e values of 
the fully relaxed amorphous alloy annealed at 
a temperature just below the crystallization tern- 
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Figure 4 Change in the T e of  an amorphous  ZrssSi 1 s alloy 
with annealing temperature.  

perature exhibit a nearly constant value (23 .15  
K), which is independent of the previous thermal 
conditions. In Fig. 5, the rise of Te for the alloy 
annealed for 100h at 873K is due to the precipi- 
tation of crystalline /~Nb(Zr) particles into the 
amorphous matrix. The appearance of crystal- 
line phase after annealing for 100 h at 873 K is also 
supported by the disappearance of the flux flow 
resistivity, which is a typical characteristic for the 
amorphous phase, because the large fluxoid pinn- 
ing force of the /~Nb(Zr) superconductive phase 
obstructs the generation of flux flow resistivity. 
The vertical bars in Fig. 5 represent the transition 
width and there is no appreciable systematic 
change in transition width upon isothermal anneal- 
ing at various temperatures. 

A similar change in Tc upon isothermal anneal- 
ing was observed for a series of ZrssSils samples. 
As shown in Fig. 6, T e of the alloy annealed at 
373 K rises at first and then lowers, while the 
annealing at temperatures above 473 K results in 
a monotonic lowering of Te. The largest rise of Tc 
is about 0.24K for the alloy annealed for 10h at 
373 K. Further, one can easily notice that the T e 
values in the annealed state just before crystal- 
lization exhibit a nearly constant value of ~-- 2.5 K. 

Considering the change in Te upon the isother- 
mal and isochronal annealings (Figs. 5 and 6), it 
may be concluded that the T e values of the amor- 
phous alloys exhibit a nearly constant value in a 
fully relaxed structural state and are independent 
of the quenched4n defect structure. The ratio of 
the difference between the highest T~ value and 
the Tc value of the alloy annealed for a period of 
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Figure 5 Changes in the  T e and 
transition width of  an amor- 
phous  NbToZr~sSi15 alloy as a 
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Figure 6 Change in the T e of  an amor- 
phous  ZrssSi~5 alloy as a funct ion  of 
annealing t ime at various temperatures .  
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Figure 7 Change in the degradation ratio of  
Te of  an amorphous  NbToZr~sSils alloy as 
a funct ion  of  logarithm of  annealing t ime at 
various temperatures .  
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Figure 8 Change in the degradation ratio of 
T e of an amorphous Zr85Si15 alloy as a 
function of logarithm of annealing time at 
various temperatures. 

ta [ATe(ta)] to the largest difference between the 
highest- and the lowest-Te values [ATe(=)] is 
plotted as a function of  the logarithm of  anneal- 
ing time (ta) at different temperatures in Fig. 7 
for NbToZrlsSi15 and in Fig. 8 for ZrssSils. As 
seen in the figures, there exists a rather good 
linear relation between ATe(ta)/ATe(=) and log ta 

in the temperature range of  573 to 873 K for the 
N b - Z r - S i  alloy and in the range of  573 to 673 K 
for the Zr -S i  alloy. 

3 . 2 .  Upper critical f i e l d  ( H e 2 )  
Fig. 9 shows the temperature dependence of  H e 2  

near Te for a series of  NbT0ZrlsSils samples 
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Figure 9 Temperature depen- 
dence of upper critical field, Hc~, 
of an amorphous NbToZr15Si15 
alloy annealed for 1 h at various 
temperatures. 
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Figure 10 Change in the temperature 
gradient of He2 near Te, -- (dHeJdT)Te , 
of an amorphous NbToZr~sSils alloy as 
a function of annealing temperature. 

annealed for 1 h at different temperatures ranging 
from 473 to 1073 K. The solid and dashed lines 
represent a linear relation of He2(T) near T c for 
the amorphous and crystalline phases, respectively. 
In both the amorphous and crystalline states, the 
Hc2 near T~ increases linearly with lowering 
temperature. The --(dHc=/dT)T ~ values of the 
Nb~0ZrlsSils amorphous alloy are shown as a 
function of annealing temperature in Fig. 10. 
The gradient hardly changes in the range below 
573 K, but with further rising temperature slightly 
decreases in the amorphous state and then decreases 
significantly after crystallization. 

3.3. Critical current density Jc(H) and 
flux f low resistivity pf(H) 

Fig. 11 shows the magnetic field dependence of 
Jc in the vicinity of 1.40 K for the NbToZrlsSils 
amorphous alloy in the as-quenched state and in 
the annealed states for 1 h at 473 K where the rise 
of T~ was observed, and at 773 and 873 K where 
T~ lowers rather largely. Although the Jc(H) is 
slightly higher for the annealed state at 473 K 
than for the as-quenched state over the whole mag- 
netic field range, the further rise of annealing tem- 
perature causes a significant depression of Jc(H) 
values. This indicates that the fluxoid pinning 
force in the amorphous phase becomes weak with 
proceeding thermal relaxation. Fig. 12 shows the 
plot of Pf/Pn of the NbToZrlsSils alloy in as- 
quenched and annealed states as a function of 

magnetic field (/-/). The arrows in the figure 
represent the He2 value at 1.40 K. There is no sig- 
nificant difference in pf(H) behaviour between the 
as-quenched sample and the annealed sample at 
473 K, but the sample annealed at 773 K exhibits 
of(H) values considerably higher than that of the 
former two samples. Such a difference indicates 
clearly that the generation of the flux flow resis- 
tivity for the amorphous superconductor becomes 
much easier on thermal relaxation, being consistent 
with the result (Fig. 11) that the thermal relaxation 
causes a significant depression of Je(H). By using 
the linear field dePendence of P~/On shown in 
Fig. 12, we can estimate the//*2(0), which is the 
hypothetical upper critical field determined only 
by the orbital effect, from Kim's empirical law 
[11], p~/Pn=H/H*2(O). As a result, the H*2(0) 
is about 9.55 x 106 Am -1 (12.0 T) for the as- 
quenched and annealed (473K) samples and 
6.77 x 106Am -1 (8.5 T) for the sample annealed 
at 773K. Thus, the//*2(0) value hardly changes 
upon annealing below 473 K, but decreases sig- 
nificantly on annealing at temperatures above 
about 573 K. 

4. Discussion 
4.1. The effect of structural relaxation 

on Tc 
As is evident from the results shown in Figs. 1 to 
6, the feature of the change in T c of amorphous 
Nb~0ZrlsSils and ZrssSils alloys by thermal 
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Figure 11 Critical current density, Je, 
7 0  of an amorphous NbT0Zr,Si15 alloy 

in as-quenched and annealed state as 
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relaxation is summarized into the following two 
points. One is the change that T e rises at tem- 
peratures below 473 K for the N b - Z r - S i  alloy 
and below 373 K for the Zr--Si alloy, and the 
other is the change that Te lower monotonically 
in the ranges from 473 or 373 K to each crystal- 
lization temperature. The temperature ranges 
where the rise of Te is observed are much lower 
than the crystallization temperature (1030K for 
NbT0ZrlsSils [7] and 759K for ZrssSils [7]) 
and hence it may be unreasonable to assume that 
the significant structural relaxation due to co- 
operative atomic regroupings occurs in the tem- 
perature range below 473 K. Instead of such an 
assumption, one may consider that voids, vacancies 
and/or the density fluctuations frozen by melt- 
quenching anneal out by annihilation and a short 
range change in the topological and/or chemical 
structure occurs even in such low-temperature 
ranges. On the other hand, the significant degra. 
dation of T e at temperatures above 573 K is con- 
sidered to be due to the structural relaxation 
accompanied by atomic rearrangements. 

The ratio of the degradation of Te, ATe(G) / 
ATe(~), shown in Figs. 7 and 8 is considered 
to be proportional to the fraction of structural 
relaxation of an amorphous phase upon annealing. 
Consequently, it is possible to estimate an acti- 
vation energy for relaxation which causes the 
degradation of Te, if one assumes that the relax- 
ation occurs by a single mechanism. Based on the 
relaxation curves of Te shown in Figs. 7 and 8, 
the logarithm of ~'1/2 in hours, which is the anneal- 
ing time required to reach the midpoint on the T c 
relaxation curve at a given annealing temperature,. 
is plotted in Fig. 13 as a function of the inverse 
of the annealing temperature (1/Ta). There exists 
a good linear relation between ln[rl/2(h)] and 
l[Ta for a series of NbvoZrlsSrls samples and 
hence the relation between ~q/2 and Ta is given by 
the following Arrhenius equation: 

T1/2 = To exp (E/kBTa) (1) 

where E is the activation energy and k s is the 
Boltzmann's constant. The activation energy deter- 
mined from the slope in Fig. 13 was found to be 
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Figure 13 Arrhenius plot for determining the activation 
energy for the relaxation process for amorphous 
NbT0Zr~sSils and ZrssSi~s alloys. 

2.03 eV for NbToZrtsSils and 1.28 eV for Zr8sSils, 
indicating that the lowering of T e by structure 
relaxation is more difficult for the niobium-based 
alloy than for the zirconium-based alloy. 

Using the activation energy one can estimate 
the frequency (v) of the jump over this barrier 
by the following equation: 

1 
v = in 2 - -  (2) 

T0 

The v value is estimated to be 2.4 x 1014 sec -1 for 
NbToZrlsSils and 1.2 x 1011 sec -1 for ZrssSils. 
These v values are nearly the same order as the 
Debye frequency (1013 to 1014 sec-1). From this 
result it may be inferred that the structural relax- 
ations which cause the degradation of Tc occur 
more or less independently of each other in a 
non-co-operative manner. 

Next we shall estimate the dominating param- 
eters for the superconductivity of the as-quenched 
and annealed alloys with an aim to investigate the 
microscopic origin of the change in the supercon- 
ducting properties upon thermal relaxation. 

2727 



According to McMiUan's superconducting theory 
[12] which is applicable to an intermediate strong- 
coupling superconductor, Te depends on the 
Debye temperature, @D, and the electron-phonon 
coupling constant, X; the larger the @ D and X the 
higher is the T e. The change in OD by thermal 
relaxation is not directly measured in the present 
study. However, the previous data on the change 
in the Young's modulus sound velocity (/,rE) by 
structural relaxation may allow one to predict the 
change in the OD values upon annealing from the 
following equation based on the Debye approxi- 
mation [ 13 ]: 

VE = OD -- h 
(3) 

Here co D is the Debye phonon frequency and 
N/~2 the number of atoms per unit volume. There 
is established information that the V E value 
increases by about 7% by structural relaxation 
[14]. Equation 3 clearly indicates that the increase 
in the Young's modulus sound velocity corres- 
ponds to the increase in the Debye phonon fre- 
quency and the Debye temperature. Considering 
the result that To lowers by the structure relax- 
ation in spite of the increase in OD, it is concluded 
that the degradation of Te originates from the 
decrease in X. 

One can estimate the electronic dressed density 
of states at the Fermi level, N*(Ef)=N(Ef)(1 + 
X), from the measured values of the Hc2 gradient 
near To, --(dHo2/dT)T e, and normal electrical 
resistivity, Pn, by using the following formula 
based on the Ginzburg-Landau-Abrikosov- 
Gorkov (GLAG) theory [ 151: 

{ d//~ (4) 
N(Ef)(1 + X) -- 8kBepn \dT ]r  e" 

The formula is applicable in the dirty limit where 
the electron mean free path is much less than the 
BCS superconducting coherence length 1 ~ ~o- It 
has been demonstrated that this criterion is well 
satisfied for the present amorphous supercon- 
ductors [5, 6]. The values of N(Ef)(1 + X) thus 
obtained are plotted against annealing temperature 
in Fig. 14. The N(Ef)(1 + X) increases once on 
annealing at 473 K where To rises and then decreases 
significantly from 2.06 x 1047 to 1.82 x 10 47 states 
m-a j - t  spin-1 in the temperature range of about 
573 to 873 K where To lowers significantly. From 
this the change of To on annealing is interpreted 
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Figure 14 Change in the electronic dressed density of 
states at the Fermi level, N(Ef) (1 + h), of an amorphous 
NbToZrlsSils alloy with annealing temperature. 

as due to the variation of X or N(E~), being con- 
sistent with the conclusion derived from Equation 
3. 

The Eliashberg equation, which gives the 
accurate numerical solution of To, describes the 
relation between the X and the phonon frequency 
co as follows [ 12]: 

X = 2 f o~ 2 (CO)F(CO) dee/co (5) 
0 

Here F(co) is the phonon spectrum and a(co) the 
electron-phonon matrix element. Although there 
is no information on the change in the quantity 
a2(co)F(co) for an amorphous phase by thermal 
relaxation, one can infer the change in X on anneal- 
ing by using McMillan's factorization of X [12], 

h = N(s (6) 
M(co 2 > 

where (/2) is the average over the Fermi surface of 
the square of the electronic matrix element, M the 
average ionic mass and <co2> an average of the 
square of the phonon frequency. As is evident 
from Equation 6, the increase in cox) and the 
decrease in N*(EO by structure relaxation result 
in a decrease in X, even though the change in (i2 > 
by structure relaxation remains unknown for the 
present amorphous superconductor. From the 
above-described discussions, it is inferred that the 
degradation of To by structural relaxation origi- 
nates from the decreases in X and/or N(E~) and the 
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Figure 15 Correlation between N(Ef) (1 + X) and T e for 
an amorphous NbT0ZrzsSizs alloy in as-quenched and 
annealed state. 

1 h annealing 

increase in (c~2). Further, Fig. 14 shows that 
N(Ef)(1 + X) also increases in the temperature 
range below about 573 K where T~ rises. This 
indicates that the rise of T e corresponds strongly 
to the increases in N(Ef) and X. Although the 
reason why the change in N(Ef)(1 + X) with 
annealing separates into the two stages remains 
unknown, this result suggests that the electronic 
and phonon states in the amorphous phase change 
significantly in the vicinity of about 573 K. Fig. 15 
shows the correlation between T e and N(Ef)(1 + 
X) for a series of NbToZhsSixs samples in the as- 
quenched and annealed state. One can notice a 
strong correlation that the larger the N(Ef) (1 + X) 
value the higher is the T c. 

4.2. Effect of structural relaxation 
on Jc (H) 

As shown in Fig. 12, the Jc(H) of the NbToZrlsSils 
amorphous alloy increases slightly on annealing 
for 1 h at 473 K and decreases significantly with 
further rising annealing temperature. Since such 
changes in Jc(H) for the annealed samples are 
considered to reflect the change in Te, the rearrange- 
ment in which the influence of T~ is not involved 
was tried. Based on the data shown in Fig. 12, the 
normalized fluxoid pinning force, Fp/Fp max, as a 
function of magnetic field, B/He2, was plotted in 
Fig. 16, where Fp is calculated by B x Je and 
Fp max represents the largest Fp for the as-quenched 

0.5 
b = BIHc2 

1.0 

Figure 16 Normalized fluxoid pinning force, Fp/Fpmax, 
of an amorphous NbToZrtsSi~s alloy in as-quenched and 
annealed state as a function of magnetic field, b = B/He2. 
Fpmax represents the largest Fp for the as-quenched 
sample. 

sample. This figure may be summarized as follows. 
1. The fluxoid pinning force increases once by 
about 20% on annealing at 473 K and decreases to 
about 0.6Fpmax on annealing at 773K. 2. The 
value of B/He2 where Fp shows a maximum value 
decreases largely from about 0.30 for the as- 
quenched and annealed (473 K x 1 h) samples to 
0.13 for the sample annealed at 773 K, implying 
that the annealing at temperatures above about 
573K causes a significant decrease in fluxoid 
pinning force in applied magnetic field. These 
results indicate clearly that the relaxation from the 
quenched-in structure into a more stable and 
homogeneous state on annealing at temperatures 
above about 573 K causes an increase in the homo- 
geneity in the amorphous structure on the scale of 
coherence length (~7 .5  nm), resulting in a sig- 
nificant decrease in the fluxoid pinning force. 
Although the reason why the fluxoid pinning force 
increases slightly on annealing at a temperature as 
low as 473 K is not clear, it may be considered as 
follows: an extremely large number of  quenched- 
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in microdefects such as vacancies, voids and the 
density fluctuations rearrange and coalesce, even 
on annealing at a low temperature around 473 K. 
As a result, the size of such defects is almost 
equal to the coherence length (7 to 8 nm) and they 
act as effective fluxoid pinning centres, resulting in 
slight increases in Jc(H) and fluxoid pinning force. 
The detailed investigation on the structural change 
in amorphous phase on annealing at low tempera- 
tures below about 473 K will shed some light upon 
the further understanding of the mechanism on 
the enhancement of the fluxoid pinning force. 

5. Summary 
The effect of thermal relaxation on the super- 
conducting properties of an amorphous phase was 
examined by using NbToZrlsSils and ZrssSils 
amorphous samples. The results obtained are sum- 
marized as follows. 

1. On isochronal or isothermal annealing, T e 
rose from 3.99 to 4.42K at temperature below 
about 473 K for the N b - Z r - S i  alloy and from 
2.71 to 2.75 K at temperatures below 373 K for 
the Zr-Si  alloy and with further rising annealing 
temperature lowered monotonically to a final 
relaxed value (~--3.15K for NbToZrlsSils and 

2.49 K for ZrssSils), which was independent of 
the previous thermal cycling. This indicates that 
the thermal relaxation of an amorphous phase 
occurs through at least two stages. Further, it was 
interpreted that the rise of T e in a low-temperature 
range is due to the annihilation of quenched-in 
defects such as vacancies, voids and the density 
fluctuations, while the degradation of Te in a 
higher temperature range occurs by structural 
relaxation accompanied by atomic regroupings. 

2. The degradation of T e occurred exponen- 
tially with annealing temperature, and an activation 
energy for the relaxation process was about 2.03 eV 
for NbToZrlsSils and about 1.28eV for ZrasSils. 
The frequency of jump over the barrier was about 
2.4 x 1014 sec -1 for the niobium-based alloy and 
about 1.2 x 1011 sec -1 for the zirconium-based 
alloy. The high frequencies indicate that the 
relaxation occurs more or less independently of 
each other in a non-cooperative manner. 

3. The dressed density of electronic states at 
the Fermi level, N(Ef)(1 + X), which was calcu- 
lated from the measured values of Pn and -- (dHe2/ 
dT)7, e by using the GLAG theories, exhibited a 

similar annealing temperature dependence to that 
of  To. From this it was interpreted that the change 
in T c on thermal relaxation originates from the 
changes in X and/or N(Ef). 

4. The Je(H) of NbToZrtsSils alloy decreases 
and the of(H) increases on annealing at tempera- 
tures above about 573 K. From these changes it 
was concluded that the atomic regroupings from 
an unrelaxed inhomogeneous state in the quenched- 
in structure to a relaxed homogeneous state 
resulted in a depression of fluxoid pinning force 
as well as a lowering of Te. 
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