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The effect of cold rolling on the superconducting properties was examined for amorphous
NbsoZr3sSiys and Nb,oZr sSi, s superconductors. Cold rolling to 10 to 20% reduction in
thickness results in a rise of superconducting transition temperature {7;) and a decrease
in transition width (A7), upper critical field gradient near T, [—(dH.,/dT)7 ], critical
current density [J. (H)] and normal electrical resistivity (p,). Changes of about 7% for
T.,33% for AT, 12% for —(dH, »/dT)z, and 70% for J (H) are found. The rise of 7,
upon cold rolling was considered to originate from the increase in the electron—phonon:
coupling constant (A} due to an increase in the electronic density of states at the Fermi
level [ V(E¢)] and a decrease in the phonon frequency (w), while the decreases in AT,
Je(H) and p,, were attributed to the decrease in fluxoid pinning force due to an increase
in homogeneity in the amorphous structure. From the results described above, the
following two conclusions were derived: (a) cold rolling causes changes in electronic and
phonon-states in the quenched amorphous phase, and (b) deformation upon cold rolling
occurs not only in the coarse deformation bands observable by optical microscopy, but
also on a much finer scale comparable to the coherence length (=~ 7.7 nm).

1. Introduction

Recently, a large flux flow resistivity has been
observed for the amorphous superconductors of
Zr-based [1, 2], Nb-based [3, 4] and Mo-based [5]
alloys produced by the melt-quenching technique.
This indicates that the amorphous alloys have a
homogeneous structure on the scale of coherence
length and are an extremely soft superconductor
in which the fluxoid pinning force is very weak.
Amorphous alloys were reported to deform very
inhomogeneously upon cold rolling. Plastic defor-
mation was generally considered to occur at
narrow shear bands separated by intervals of
several micrometres [6]. Previous results revealed
that cold rolling causes significant changes in a
wide range of properties such as sound velocity
[7], magnetization behaviour [8], internal friction
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[9], heat release associated with structural relax-
ation [10], hardness [11] and corrosion resistance
[12]. It was expected that the introduction of such
an inhomogeneous strain into the as-quenched
amorphous phase would exert a significant effect
on the structure-sensitive superconducting proper-
ties such as transition temperature T, transition
width AT, upper critical field Hg,(T), critical
current density J.(H), flux flow resitivity ps(H)
and normal electrical resistivity p,. Koch et al.
[13] examined the effect of cold rolling on the
superconducting properties of a (MoggRup4)s;Bis
amorphous alloy and reported that inhomogeneous
deformation up to 20% reduction in thickness did
not change the normal resistivity, T, or H,,, but
did degrade the critical current density. Recently,
the present authors reported briefly that all the
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Figure 1 Schematic illustration of deformation bands introduced by cold rolling along different directions against the
long axis of ribbon sample, (a) longitudinal, (b) transverse, (c) oblique, and (d) cross.

superconducting properties; Tp, AT, and He,(T)
as well as J.(H) of an amporphous NbgoZr3sSiss
alloy did change definitely upon cold rolling {14].
The aim of this paper is to present further detailed
results on the influence of cold rolling on Tg,
AT,, Ho (1), J.(H) and ps(H) behaviours of
amorphous alloys, NbsgZr3sSiss and NboZr5Siss.
The two alloys were chosen because they exhibit
typical amorphous-type superconducting proper-
ties [3] and are very ductile to sustain a heavy
cold rolling [15]. T,, AT, and —(dH,,/dT)r, are
373K, 0.15K and 1.67x10°Am™K™ (21.0
kOeK™) for NbgyZr3sSiss and 4.01K, 0.15K and
162 x 10°Am™ K™ (20.3k0eK™) for NbsoZrs-
Siys, respectively.

2. Experimental methods

Nb—Zr—Si alloys were made from pure elements
of niobium, zirconium and silicon and alloyed
under a purified and gettered argon atmosphere in
an arc furnace on a water-cooled copper mould.
Long ribbon specimens were produced by squirt-
ing a stream of molten alloy melted with a levi-
tation furnace under argon through a quartz
nozzle on a single -spinning roller which was
rotating at a speed of about 4000rpm. The
ribbons thus produced were typically 20 um thick
and 1mm wide. The amorphous nature of the
quenched samples was confirmed by conventional
X-ray diffraction method and transmission elec-
tron microscopy. Rolling was carried out at room
temperature in a four roller mill with high
chromium steel work rolls. The samples were
sandwiched between 18Cr—8Ni stainless steel
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sheets to prevent the initiation of surface cracking
and to yield a uniform strain throughout the
samples. The rolling was performed systematically
along different directions against the long axis of
the ribbon samples, i.e. transverse (T), longitudinal
(L), oblique (O) and cross (C), as shown schematic-
ally in Fig. 1. Hereafter, their rolling directions
are designated by T, L, O and C, respectively. The
reduction in thickness was determined by measur-
ing the change in sample length because it was
rather difficult to measure accurately the change
in thickness. Shear bands introduced on the sample
surface were revealed with an optical microscope.
Deformations of up to 30% reduction in thickness
were possible without introducing cracking flaws
and pin holes.

Measurements of superconducting and electrical
properties, Ty, Heo(T), Jo(H), pe(H) and pn were
made resistively using a conventional four-probe
technique. The temperature was measured with an
accuracy of * 0.01 K using a calibrated germanium
thermometer. The magnetic field up to 7.2 x 10°
Am™! (90kOe) was applied perpendicularly to the
specimen surface and feed current.

3. Results

3.1. Deformation structure

Fig. 2 shows deformation markings on the surfaces
and sides of cold-rolled NbsqZr35Si;s amorphous
alloy with varying reduction in thickness. With
increasing degree of cold rolling, e.g. the reduction
in thickness, R, from 10 to 30%, the average den-
sity of shear bands increases and the spacing
among shear bands decreases monotonically but



not linearly, because further plastic deformation
occurs in the previously deformed region as well
as in undeformed regions in which new shear
bands have been created. It is noted that the shear
bands intersect each other and the frequency of the
intersection tends to increase with increasing R.
Fig. 3 shows the deformation markings on the
surfaces of the NbsoZrssSis samples cold-rolled
to 30% reduction in thickness along L, T, O and C
directions. The patterns of deformation marking
are very similar to those illustrated schematically
in Fig. 1. Various types of deformation markings
thus can be induced by simply changing the rolling
direction.

Figure 2 Optical micrographs showing the deformation
markings on the surfaces and sides of an amorphous
Nb,,Zr,.Si,; alloy cold-rolled to different reductions
in thickness along the transverse direction (a and b)
R =10%, (¢ and d) R = 20%, and (e and f) R = 30%.

3.2. Change in electrical resistivity at 4.2 K
Fig. 4 shows the change in electrical resistivity p,
at 4.2 K for NbsgZrssSi;5 alloy as a function of R.
Although the accuracy of absolute p, measure-
ments is 10 to 20% owing to the difficulty of
accurate measurement of cross-section, the tend-
ency that, p,, decreases initially, shows a minimum
at R =~ 20% and then increases with further increas-
ing reduction in thickness is clearly seen. The
decrease in p, is about twice larger for the “cross”
and “oblique” samples than for the “longitudinal”
sample. The maximum change in p,, is about 30%
for the former two samples.

3.3. Changes in superconducting properties
Fig. 5 shows the change in the electrical resistance
curves in the vicinity of T for the NbsyZrssSiys
amorphous alloy upon cold rolling. In all cases,
T, increases upon cold rolling. The rise in T is
correlated with the decrease in p,, with the
exception for the case of 0-10% sample. T, and
AT, of the NbsyZr35Siys and NbqgZr,5Siys alloys
are plotted as a function of R in Figs. 6 and 7,
respectively. T, is the temperature corresponding
to R/R, = 0.5, where R, is the resistance in the
normal state. The transition width AT, is defined
as the temperature interval between 0.1 and 0.9
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Figure 3 Optical mocrographs showing the deformation markings on the surfaces of an amorphous Nb,,Zr, Si, ; alloy
cold-rolled to 30% reduction in thickness along the T, L, O and C directions.

R/R,,. Upon cold rolling, T, of the NbgyZrs5Si;s
alloy (3.73K at R =0%) increases and shows
maximum value at R =10% for the “oblique”
sample and at R = 20% for the “longitudinal” and
“cross” samples. The largest rise of T, is 0.27K
for the 0-10% sample. On the other hand, the
Nb+oZry5Si;5 alloy exhibits a monotonous rise of
T, with increasing R. The trend of the rise of T
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Figure 4 Change in normal electrical resistivity at 4.2 K of
an amorphous Nb,,Zr,.Si,, alloy with reduction in thick-
ness along the L, O and C directions.
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against reduction in thickness is different between
the two alloys, but as it is seen in Figs. 6 and 7,
both alloys show AT, decreasing monotonically
with increasing R. The decrease in AT, is larger for
the “cross” sample than for the “oblique” sample.
The change is large and is about 33% for the
C-30% samples for NbsgZrs5Si;s and NbqgZrsSiss
alloys. The decrease in AT, suggests that the
amorphous structure becomes more homogeneous
on the scale of coherence length (7.5 to 7.6 nm)
upon cold rolling.

H., values of NbsoZrss5Siss alloy cold-rolled to
20% and 30% reduction in thickness, R, are plotted
as a function of temperature in Figs. 8 and 9.
The solid lines in the figures represent a linear
extrapolation near T,. All the samples, as quenched
and cold rolled, show a linear relationship between
H,, and temperature in the temperature range
near T. The H, gradient near T, (—dH,,/dT)r,
for amorphous NbgeZrysSiys and NbqoZr;sSiys
alloys as a function of reduction in thickness is
shown in Fig. 10. With increasing reduction in
thickness, the gradient values decrease initially,
exhibit minimum values at R ~20% and then
tend to increase. The decrease appears to increase
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in the order of longitudinal > oblique > cross and
the decreasing ratio of the L-30% sample reaches
about 12%.

3.4. Changes in critical current density
Jo(H) and flux flow resistivity p;(H)
Fig. 11 shows J,(H) at ~ 1.40K and 2.60K as a
function of magnetic field, H, for the NbsoZr35Si;s
amorphous alloy in the as-quenched and cold-rolled
(C-30%) states. The J(H) is considerably lower for
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Figure 6 Changes in the superconducting transition tem-
perature (T.) and the transition width (AT;) of an

amorphous Nb,Zr, Si, alloy with reduction in thickness
along the L, O and C directions.

the rolled sample than for the as-quenched sample
over the whole region except the field just below
H,,. This indicates that the fluxoid pinning force
becomes weaker upon cold rolling, The rolled
sample exhibits a “peak effect” near H,, which
is absent in the as-quenched sample and the J,(H)
values near H,, are higher for the rolled sample
owing to the peak effect.

Fig. 12 shows the normalized flux flow resist-
ivity p¢/pn as a function of magnetic field for the
NbsoZr3sSiys alloy in the as-quenched and cold-
rolled (C-30%) states. We define the flux flow
resistivity ps as a linear gradient dV/dJ above the
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Figure 7 Changes in the superconducting transition tem-
perature (7,) and the transition width (AT.) of an
amorphous Nb,, Zr;Si,, alloy with reduction in
thickness along the O and C directions.
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Figure 8 Upper critical field H,, at various temperatures
of an amorphous Nb,,Zr,,Si,, alloy cold-rolled to 20%
reduction in thickness along the L, O and C directions.

depinning current density on the current—voltage
(I-V) curve measured in constant magnetic fields.
The linear part in the relation of p¢/p, against H
extends to a high magnetic field for the cold-rolled
sample. The arrows in the figure represent the .,
values. H,, values at both the temperatures of 1.4
and 2.6 K increase upon cold rolling, in agreement
with the result shown in Fig. 9. A reflection point
on the p¢/pn—H curve at 1.39K corresponding to
the peak effect is seen for the rolled sample.

4, Discussion

4.1. Changes in T; and AT,

As shown in Figs. 6 to 9, the cold rolling results
in a rise in 7, and a decrease in AT, and —(dH,/
dT)r,. Considering. the fact that these supercon-
ducting characteristics are very structure-sensitive,
the above described changes upon cold rolling
suggest that cold rolling alters the electronic- and
phono-states in amorphous phase. In general, the
change in AT, is attributed to the variation of the
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homogeneity in the amorphous phase on the scale
of coherence length (£). The Ginzburg—Landau
coherence length at 0K, £g(0), is estimated from
the measured values of T, and —(dHc,/dT)r, by

using the following equation [16].

~-111/2
Farl0) = [21":; (— d—ﬁ%) ] 1)

Te

where ¢ is the flux quantum. The £gp(0) of
NbsoZrssSiys alloy in the cold-rolled (C-30%)
state thus estimated is about 7.7 nm. The decrease
in AT, upon cold rolling indicates that the
amorphous phase becomes more homogeneous
on the scale of coherence length (= 7.7 nm). The
spacing among shear bands (=0.5 to 1.0um)
(see Fig. 2) are much larger than the £g1(0) value.
This suggests that the microscopic change in the
quenched-in structure upon cold rolling occurs in
the regions between the shear bands as well as on
shear bands.

We shall consider the microscopic origin of the
rise of T, upon cold rolling. According to the
McMillan’s theory [17] which is applicable to an
intermediately ~strong-coupled superconductor,
T, is related to the Debye temperature (fp) and
the electron~phonon coupling constant (X) by
the following expression,

I - —1.04(1 +2) )] @

D
145 P [x “*(1 + 0.621

where u* is the Coulomb pseudopotential and can
be approximated to be 0.13 for the (Nb—Zr)gsSi;s
amorphous alloys based on the data [18] of
transition metal-based crystalline superconductors.
A is expressed as,

N(FE?

A =2 j:az(w)F(w)dw/w T

(3)
where a(w) is the electron—phonon matrix
clement, F(w) is the phonon spectrum, N(£t)
is the electronic bare density of states at the Fermi
level, (g) is the average over the Fermi surface of
the square of the electronic matrix element, M is
the average ionic mass and (w?) is an average of
the square of the phonon frequency. Equations 2
and 3 show that the larger are Op, X and N(Ey),
and lower is (w?), the higher is 7. There are no
actually measured data on the 0p and () of
the as-quenched and cold-rolled (Nb—Zr)ssSiss
amorphous alloys. However, it has been reported
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Figure 10 Change in the upper critical field gradient near
Te, — (dch/dT)Tc, of amorphous Nb . Zr,,Si,, and
Nb.,Zr,Si,, alloys with reduction in thickness along the
L, O and C directions.

calculated from the measured values of p, and
—(dH,2/dT)y, by using the following equation
based on the GLAG theories [16].

i) dHc2 (5)
8kgepn | dT |
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Figure 11 Critical current density, Jo(H), as a function of
magnetic field for an amorphous Nb Zr, Si,, alloy in
as-quenched and 30% cold-rolled states.

Fig. 13 shows the change in N(E;)(1 + X) of the
amorphous NbgoZr3sSiys alloy with reduction in
thickness. ‘As seen in the figure, the N(E¢)(1 + A)
value tends to increase with increasing reduction
in thickness, suggesting that the rise of T, upon
cold rolling is indeed due.to the increase in A and/
or N(£¢). The electronic- and phonon-states in the
amorphous phase are indeed altered by cold
rolling.

In the following the effect of cold rolling on
the Ginzburg—Landau parameter (x), the pen-
etration depth of external field at 0K () and
electronic diffusivity (D), which are parameters
characterizing the . superconductor, were investi-
gated by using the GLAG theories [16], which
are applicable to the “dirty” type-lI supercon-
ductor. The estimation of these parameters was
made from the following equations.

K = 7.49x10'y"?p, (6)
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Xo = 1.05 x 107%(p,/T,) V2 ¢
p = Hae( )" ®
e a7 ) .
c

The parameter v in Equation 6 is the electronic
specific heat coefficient and was obtained from
the following equation {16].

_ _ Tkp [dHe, 9
Y 12ep, \ dT T ©)
c

The changes in k, Ag and D values of the NbsoZrss-
Siys amorphous alloy as a function of reduction
in thickness are shown in Fig. 14. With increasing
reduction in thickness, the values of k and A,
decrease at first, show minimum values at R =20%
and then increase. On the other hand, the D value
increases at first and exhibits a maximum value at
R =20%. Thus, the cold rolling results in a
decrease in the dirtiness and an increase in the elec-
tronic diffusivity, indicating that the structural
homogeneity of the amorphous superconductor
enhances by cold rolling. This is consistent with
the significant decrease in J,(H) upon cold rolling.

4.2, Changes in J,(H) and p;{H)

As shown in Fig. 11, the cold rolling causes a
significant change in J,(H). The main change is
summarized as follows; (a) the J.(H) degrades
and the fluxoid pinning force becomes weak, and
(b) a clear peak effect appears near H,,. Such
changes are reasonably interpreted with the
assumption that the amorphous phase changed
into 4 more homogeneous state upon rolling,
being consistent with the conclusion derived from
the data of p,,, AT,, ¥ and D. The degradation of
J.(H) by cold rolling was also reported for an
amorphous (Mog¢Rug 4)s: B g alloy by Koch er al.
[13]. The reason why cold rolling causes the
significant increase in the homogeneity in the
amorphous phase is unknown. It is clear, however,
that shear bands introduced by cold rolling do
not act as effective fluxoid pinning centres.

There is no established interpretation and
theory on the reason for the appearance of peak
effect. However, considering the fact that the
appearance of the peak effect is more evident for
the amorphous superconductors exhibiting lower
J.(H) values [1] and for cold-rolled amorphous
superconductors, the appearance of the peak
effect upon cold rolling may be interpreted as
follows; the fluxoid pinning force in the matrix
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phase becomes weak upon cold rolling and hence
the contribution of the surface pinning effect to
the total fluxoid pinning force increases for the
cold-rolled samples exhibiting a large surface
ruggedness, resulting in the appearance of the
peak effect.
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Figure 13 Change in the electronic dressed density of
states at the Fermi level N*(Ef) =N(Ep)(1 + A) of an
amorphous Nb, Zr, Si . alloy with reduction in thickness
along the O and C directions.
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of an amorphous Nb Zr,.Si,, alloy with reduction in
thickness along the O and C directions.
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4.3. Change in the superconducting
properties with rolling directions

As is evident from the results shown in Section 3,
all the superconducting properties measured in
the present work changed appreciably upon cold
rolling. However, no systematic difference in the
change in the superconducting properties against
the rolling direction was observed, despite the
fact that the frequency of the intersections of
shear bands is much higher for the “cross” sample
than for the samples cold-rolled to the other
directions. This indicates that the changes in the
superconducting properties upon cold rolling are
affected little by the presence of shear bands,
which are observable with an optical microscope,
but originate from the local atomic rearrangement
in the bulk on the scale much shorter than the
shear band interspacings (0.5 to 1.0 um).

5. Summary

The effect of cold rolling on the superconducting
properties of an amorphous phase was examined
for NbsoZrssSiss and NbyyZisSi;s amorphous
ribbons produced by the melt-spinning technique.
The results obtained are summarized as follows:

1. T, increases with cold rolling. A large increase
in T, of 0.27X is seen. The rise of T is attributed
to the increase in A due to the increase in N(E¢)
and the decrease in (3%,

2. AT, decreases monotonically with increasing
reduction in thickness and the largest decreasing
ratio is about 33%. From the significant reduction
of AT,, it is suggested that the deformation of
amorphous phase by cold rolling occurs not only
in the shear band regions, which are distinguish-
able by optical microscopy, but also in the bulk
within the scale of coherence length (= 7.7 nm),
which is much smaller than the spacings among
shear bands.

3. The J.(H) degrades significantly upon cold
rolling and a peak effect appears near H.,. Such
changes in the J () behaviour are considered to
originate from the degradation of the fluxoid
pinning force due to the enhancement of homo-
geneiety in the amorphous structure upon cold
rolling. The increase in the homogeneity in the
amourphous phase upon cold rolling is also sup-
ported from the results that the values of AT,
k and p, decrease and the D value increases.
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