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Superconducting and electrical properties of
amorphous zirconium-transition metal binary
alloys
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In order to clarify the compositional effect on the superconductivity of zirconium—transition
metal (M) binary amorphous alloys, the superconducting properties and electrical resistance of
the alloys were examined as functions of the concentration, group number and periodicity of
the M elements. T, for Zr,sM,s alloys rises in the order Ru > Rh > Ir > Co > Qs > Ni > Pt >
Cu > Pd > Fe > Au, i.e. as the group number decreases when the periodicity belongs to the
5th period, and with decreasing M content for Zr,o, ,M, alloys. The high 7, attained in the
present work is 4.55K for Zrg, Rh,,, 4.38 K for Zr,5Rh,s and 4.47 K for Zr,5Ru,s. The tem-
perature gradient of the upper critical magnetic field (H,,) near the transition temperature (7.)
tends to increase with increasing zirconium content, and the resistive state due to the flux
flow phenomena appears in a wide sweeping field. Following the sharp and large decrease of
the flux flow resistance due to a peak effect, the resistance recovers sharply near H.,. The peak
effect was found to occur more distinctly for the alloys containing a magnetic element of iron

or cobalt, probably because of the suppression of the pair-breaking effect due to magnetic
scattering by the application of the high field near H_,. The dominating factor for the com-
positional effect on 7 is inferred to originate from the variation of A through w for Zr,4_, M,
alloys and from that of 1 through N(E;) for Zr,; M, alloys. Additionally, it has been found for
the Zr-M amorphous alloys that the electrical resistivity ¢(7) exhibits a maximum value at
temperature ranging from 27, to 37, suggesting that the hump phenomenon in o(7) appeared
through the generation of the superconducting fluctuations. The temperature coefficient of
resistivity (tcr) defined by 1/R,,(dR/dT) shows negative values ranging from 1.05 x 107™* to
1.75 x 107*K™" and T, was found to rise through the increase in 1 with the increase in the

negative value of the ter.

1. Introduction

A large part of the investigations on the superconduct-
ing properties of amorphous alloys have been focused
on the metal-metal type alloys of Zr—M (M = cobalt
[1-6], nickel [2, 3, 5, 7, 8-10], copper [1, 2, 5, 7, 11] or
rhodium [12, 13] etc.) systems despite low values of the
superconducting transition temperature (T), because
the amorphization of the Zr—M alloys by a conven-
tional melt-spinning technique is relatively easy and
the simple alloy component provides a unique oppor-
tunity to study the superconducting mechanism of an
amorphous alloy. Previous results [1-13] have indi-
cated that the 7, value rises with increasing zirconium
content, in the ranges below about 3.2K for
Zr-Cu, alloys and 3.9K for Zr,_,Ni, alloys,
reflecting the variation of the clectronic density of
states at the Fermi level with alloy composition. How-
ever, almost all the previous investigations on the
superconducting properties of zirconium-transition
metal (M) amorphous alloys have been performed for
individual alloy systems by different researchers. There
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is little systematic information on the effects of the
group number and periodicity in the Periodic Table of
solute M elements on the superconducting and elec-
trical properties such as T, J,(H), H,(T), ¢:(H) and
o(T) of the Zr—M amorphous alloys, as well as their
formation ranges. Most recently, the Zr—Rh and
Zr—Ru amorphous alloys have been found [14] to
exhibit many excellent characteristics, which are not
expected for conventional crystalline superconduc-
tors, as sensing elements in a liquid-helium level
indicator. A level indicator with sensing element made
of amorphous Zr—Rh or Zr—Ru ribbon has been
practically used in various kinds of commercial
cryogenic vessels [15]. Accordingly, from scientific and
engineering points of view it is desirable to obtain
systematic information on the superconducting and
electrical properties of Zr—M amorphous alloys. This
paper intends (1) to clarify the composition range in
which the amorphous phase is formed in Zr—M binary
alloys containing various transition M metals, (2) to
examine the change in the superconducting properties
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with M content for Zr4_ .M, amorphous alloys and
with the group number and periodicity of M elements
for Zr,sM,s amorphous alloys, (3) to decide a domi-
nant factor for such changes in the superconducting
properties, and (4) to investigate the correlation
between the superconducting characteristics and the
temperature dependence of normal electrical resist-
ance.

2. Experimental procedure
Mixtures of 99.6 wt % pure zirconium and pure M
(M = iron, cobalt, nickel, copper, ruthenium,
rhodium, palladium, osmium, iridium, platinum or
gold) metal were melted under a purified and gettered
argon atmosphere on a water-cooled copper mould in
an arc furnace. The weight of the mixture melted in
one run was about 30 g. 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.
Continuous ribbon specimens of about 1 to 2mm
width and 0.02 to 0.03mm thickness were prepared
from these mixed alloys under a purified argon atmos-
phere using a single-roller melt-spinning apparatus.
The amorphous nature of the as-quenched ribbon was
confirmed by X-ray diffractometer using Cuku radi-
ation and with a transmission electron microscopy.
All measurements of superconducting and electrical
properties, transition temperature 7,, critical current
density J.(H), upper critical magnetic field H,(T),
flux flow resistivity g;(H) and electrical resistivity (7"
were done resistively using a conventional four-probe
technique. The critical current was defined as the
threshold current at which no zero voltage (> 1 uV)
was first detected. The magnetic field up to 9T was
applied transversely to the specimen surface and
excited current. The temperature was measured using
a calibrated germanium thermometer at temperatures
below about 90 K and a calibrated diode thermometer
in the higher temperature range with accuracy better
than +0.01 K at temperatures below 90K and
+0.1K at the higher temperatures. The Young’s
modulus sound velocity () was measured at 100 kHz
using a pulse-echo technique [16] on amorphous rib-
bons about 50 to 100 cm long and the Young’s modu-
lus (E) is given by E = oVZ, where g is the density of
the amorphous ribbons. The measurement was con-
ducted at ambient temperatures. The maximum scat-
ter of the velocity measurement was + 0.5% due to the
uncertainties in the length measurements. The density
of the amorphous ribbons was measured for some of
the alloy compositions by the Archimedean method.

3. Results

3.1. Formation range of amorphous phase
Fig. 1 shows the composition ranges in which the
amorphous phase was found to form without any
trace of crystallinity in the Zr-M (M = iron, cobalt,
nickel, copper, ruthenium, rhodium, palladium,
osmium, iridium, platinum or gold) binary systems
containing M elements less than 40 at %. The amorph-
ous phase is formed in each range centred around
25at% M, e.g. 20 to 40% Fe, 20 to 40% Co, 15 to
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Figure 1 Composition range for the formation of an amorphous
phase in the Zr-M (M = Fe, Co, Ni, Cu, Ru, Rh, Pd, Os, Ir, Pt or
Au) system.

40% Ni, 25 to 40% Cu, 25% Ru, 20 to 35% Rh, 25
to 35% Pd, 20 to 30% Os, 20 to 30% Ir, 20 to 25% Pt
and 25 to 35% Au. Judging from the fact [17] that the
equilibrium phase diagrams of these alloys have a
eutectic point in the vicinity of 25at% M, the
amorphous phase formation appears to be easier in
the composition range near a eutectic point where the
melting temperature of the alloys is lower. This ten-
dency is consistent with the previous empirical rule
(e.g. [18]) on the amorphous phase-forming tendency.
The amorphous phase with the highest zirconium con-
tentration is obtained for Zr—Ni alloys, e.g. Zrg; Nis.
The formation range of the amorphous phase
becomes narrower in the order of Ni > Fe ~ Co >
Cu > Rh > Pd ~ Os ~ Ir ¥ Au > Pt > Ru and
Zr—Ru alloys become amorphous only in the vicinity
of 25at % Ru. The broken lines for Zr—Rh, Zr-0Os
and Zr—Ir alloys in Fig. 1 indicate that the melting
temperature of the alloys is too high to obtain
amorphous ribbon samples by the present melt-
spinning apparatus with conventional high-frequency
coil. All the amorphous ribbons produced by melt-
quenching possess a good ductility which is tested by
a 180° bending and remain ductile upon ageing at
room temperature for all the alloys except Zr—Au.

3.2. Superconducting transition temperature
(7.)

As typical examples of the transition behaviour from
superconducting to normal state for Zr—M amorph-
ous alloys, the normalized electrical resistance near 7T,
for Zr—Co and Zr-Ir alloys'is shown in Fig. 2. The
transition occurs very sharply with a temperature
width of less than 0.1 K. The transition temperature
(T.) rises monotonically with decreasing cobalt or
iridium content. Fig. 3 shows 7, and transition width
(AT,) as a function of M content of all the Zr-M
(M = Fe, Co, Ni, Cu, Ru, Rh, Pd, Os, Ir, Pt or Au)
amorphous alloys examined. T, is the temperature
corresponding to R/R, = 0.5, where R, is the
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Figure 2 Normalized electrical resistance, R/R,, as a function of
temperature for Zry_,Co, and Zry,_ Ir, amorphous alloys.

resistance in the normal state. The AT, represented by
a vertical bar in the figure shows the temperature
interval between 0.1 and 0.9 R/R,. As shown in Fig. 3,
T, rises with decreasing M content from 2.17K at
25% Fe to 2.93K at 20% Fe, 1.95K at 40% Co to
411K at 20% Co, 2.39K at 40% Ni to 4.15K at
15% Ni, 1.90K at 40% Cu to 3.20K at 25% Cu,
447K at 25% Ru, 3.98K at 35% Rh to 4.55K at
20% Rh, 2.27K at 35% Pd to 3.31K at 25% Pd,
3.50K at 30% Os to 3.97K at 20% Os, 3.67K at
30% Ir to 4.13K at 20% Ir, 3.31K at 25% Pt to
3.64K at 20% Pt and 1.68K at 30% Auto 1.99K at
25% Au. It is noted that only the alloys, ZrgRh,,
(T, = 4.55K), Zr,sRh,s (T, = 4.38K) and Zr,sRu,;
(T, = 4.47K), exhibit T, higher than the boiling tem-
perature of liquid helium (~4.2K).

For the series of Zr;;M,; amorphous alloys (see Fig.
3), T. is lower in the order Ru > Rh > Ir > Co >
Os > Ni > Pt > Cu > Pd > Fe > Au. When such
a change in 7, with M elements is compared in the
same period, 7, is lowered in the order Co > Ni > Cu
> Fein the fourth period, Ru > Rh > Pd in the fifth

T T Y T
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M content (at®h)

Figure 3 M concentration dependences of the superconducting tran-
sition temperature, T, and the transition width, AT, for Zr s M,
(M = Fe, Co, Ni, Cu, Ru, Rh, Pd, Os, Ir, Pt or Au) amorphous
alloys.
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Figure 4 Electrical resistance as a function of magnetic field at
various temperatures for a Zr,,Ni,, amorphous alloy.

period and Ir > Os > Pt > Au in the sixth period.
The results described above indicate that the Zr—-M
amorphous alloys tend to exhibit a higher T, value,
when the M clements belong to a smaller group num-
ber and to the same period as that of zirconium. Only
Zr-Fe and Zr—Os alloys exhibit an exceptional
tendency.

3.3. Upper critical magnetic field, H,,

As an example, Fig. 4 shows, for Zr,;Ni,; amorphous
alloy, the transition curves from superconducting to
normal state through superconducting mixed state
under a current density of 2.1 x 10*Am™2 Resistive
states are seen in a wide range of fields, following the
sharp decrease of the resistance due to a peak effect as
the field approaches H,,. The occurrence of the resist-
ive states has been interpreted as due to the flux flow
phenomenon [19-21]. A similar flux flow phenom-
enon in the o— H relation was found to occur for all the
Zr—M amorphous alloys. However, the peak effect is
more pronounced for the Zr—Fe and Zr—Co amorph-
ous alloys containing magnetic elements as exempli-
fied for Zr,sFe,s in Fig. 5. The complete disappearance
of the resistivity of Zr;; Fe,s alloy in the high field near
H_, is noted particularly. The reason for the recovery
is inferred to be due to the suppression of a pair-
breaking effect in superconducting nature due to mag-
netic scattering by the application of the high fields
near H,. The temperature dependence of H_, for
Zr,sM,; amorphous alloys is shown in Fig. 6 based on
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Figure 5 Electrical resistance as a function of magnetic field at
various temperatures for a Zr,sFe,s amorphous alloy.
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Figure 6 The upper critical magnetic field H,, at various tem-
peratures for Zr,sM,; (M = Fe, Co, Ni, Cu, Ru, Rh, Pd, Os, Ir, Pt
or Au) amorphous alloys. The solid lines represent a linear
extrapolation at 7.

the data exemplified in Figs. 5 and 6. Here H,, is
defined to be the applied magnetic field at which the
resistance of the samples begins to deviate from its
normal value. The solid lines of Fig. 6 represent a
linear extrapolation near T,. H_, increases linearly with
lowering temperature in the range above t = T/T, =
0.6-0.7, but it shows negative deviation from the
linear relation at low temperatures. Fig. 7 shows the
temperature gradient of H, near T, (dH,/dT);, for
Zr M, amorphous alloys as a function of M con-
tent. The gradient is higher than 2.5T K ~! for almost
all the alloys and tends to increase with decreasing M
content for all the alloys except Zr—Fe alloys. The
gradients of Zrg, Pt,, and Zr,sFe,s alloys are as high as
3.10 to 3.15TK L.

3.4. Critical current density, J,
As typical examples, the critical current density,
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Figure 7 M concentration dependence of the upper critical field
gradient at T, (dH,/dT), for Zr;,_ M, (M = Fe, Co, Nj, Cu,
Ru, Rh, Pd, Os, Ir, Pt or Au) amorphous alloys.
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Figure 8 Critical current density, J,, for ZrgRhy, and Zrg,Iry,
amorphous alloys as a function of magnetic field.

J.(H), as a function of external applied magnetic field
is shown in Fig. 8 for Zrg Rh,, and Zrg,Ir,,. The value
of J, is as low as about 10°Am~? even at a low
temperature of =~ 1.4 K in the absence of applied field,
and decreases rapidly with increasing applied field.
For example, at H = 5T at ~1.4K, J, is of the order
of 9 x 10*Am~? for the Zr-Rh and 2 x 10*Am™?
for the Zr—Ir. Such small values of J.(H) indicate that
the flux pinning force in the Zr—M amorphous alloys
is rather weak, because atomic configurations in the
amorphous phase are distorted on a scale equal to an
interatomic distance (0.2 to 0.5nm) being much
smaller than the coherence length (~7 to 8 nm).

In order to investigate the effect of M content on
J(H), the J,(H) values of ZrgxRh,, and Zr,sRhy
amorphous alloys measured at a same reduced
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Figure 9 Critical current density, J., at the same reduced tem-
perature t = T/7T, = 0.70 as a function of magnetic field for
Zrg,Rhy, and Zr,;Rh,, amorphous alloys.
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Figure 10 Critical current density, J,, at the same reduced tem-
perature f = T/T, = 0.84 as a function of magnetic field for Zr,,M,,
(M = Co, Ni or Cu) amorphous alloys.

temperature (¢t = T/T, = 0.7) are plotted in Fig. 9.
The J.(H) is higher for Zrg Rh,, than for Zr;sRh,; in
the whole magnetic field, indicating that the fluxoid
pinning force is larger for the zirconium-rich alloy.
The effect of the group number on J.(H) is shown in
Fig. 10 for Zr,yM;, alloys containing M = cobalt,
nickel or copper in the fourth period and in Fig. 11 for
Zr,sM,; alloys containing M = ruthenium, rhodium
or palladium in the fifth period. As seen in these figures,
the J,(H) decreases in the order Co > Ni ~ Cuin the
former period and Ru > Rh > Pd in the latter period.
In the sixth period, the J.(H) at 1 = 0.7 for ZrgyMy,
amorphous alloys decreases in the order Os > Ir > Pt
(not shown). In summary, the decrease in the group
number of M elements causes an increase in fluxoid
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Figure 11 Critical current density, J, at the same reduced tem-
perature t = T/7, = 0.70 as a function of magnetic field for Zr,s M,
(M = ruthenium, rhodium or palladium) amorphous alloys.
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Figure 12 Critical current density, J,, at the same reduced tem-
perature t = T/T_ = 0.70 as a function of magnetic field for Zrg, My,
(M = cobalt, rodium or iridium) amorphous alloys.

pinning force of the Zr—-M amorphous alloys. The
variation in J.(H) of ZrgyM, (M = Co, Rh or Ir)
amorphous alloys with the periodicity is shown in
Fig. 12. J,(H) decreases in the order Rh > Co > Ir,
ie. fifth > fourth > sixth, in accordance with the
order of T,. As shown in Figs. 9 to 12, the change in
J.(H) of amorphous Zr—M alloys with the group
number and periodicity of M elements even at the
same reduced temperature agrees well with that of 7.

3.5. Electrical resistivity

As an example, Fig. 13 shows the electrical resistance
R(T') of an amorphous Zr,;Ir,, alloy in the range from
4.2 to 250 K. As the temperature rises, the electrical
resistance increases rapidly just above T, exhibits a
maximum value at about 12K and then decreases.
The R(T) of the Zr—Ir alloy shows a large negative
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Figure 13 Normalized electrical resistance R/R, of a Zrylry
amorphous alloy as a function of temperature.



TABLE 1 The temperature at which the electrical resistance
exhibits a maximum value, T,,,,, and the temperature coefficient of
resistivity (tcr) at 250K, 1/R,5,(dR/dT), for Zryy, M, (M = Co,
Ni, Ru, Rh, Pd, Ir or Pt) amorphous alloys

Alloy Toax (K) ter (1074K
ZrgyCoy - —1.75
Z155Cos5 - —1.55
Zr5,Coy - —1.05
Zrgy Niy, 9.81 —1.68
Zr,5Niyg 8.69 —1.60
ZryNiy, 8.32 —1.30
Zr,sRuyg 15.16 -
ZrgRhy, - —1.68
Zr,sRhy 12.98 —1.48
Zr,,Rhy, - —-1.20
Zr,sPd,g 9.19 -
Zrgolry, - —147
ZrysTr,s 11.89 —1.35
Zrplry, - ~1.34
Zrg Pty 13.17 -
Zr, Pty 9.88 -

temperature coefficient in the temperature range
above 12 K. The temperature dependence of resistance
was found to be approximately represented by the
following relations: (1) —1In 7 at temperatures
between 16 and 30K; (2) —T?at T = 30to 70K;and
—T at T = 150 to 250K. In the range 12 to 250K,
(Ruax — Roso)/ Roax 18 about 3.6%. Table I summarizes
the temperature, 7,.,, at which R(T) of Zr-M
(M = nickel, ruthenium, rhodium, palladium,
iridium or platinum) amorphous alloys exhibits a
maximum value. 7,,, tends to rise with increasing
zirconium content for the series of Zr,_ Ni, and
Zr g _,Pt, alloys and with the decrease in the group
number of the M eclements for a series of Zr;sM,;
(M = ruthenium, rodium or palladium) alloys. Addi-
tionally, Table I shows the temperature coefficient of
resistivity (tcr), 1/R,(dR/dT), in the temperature
range of 150 to 250K for Zr-M (M = cobalt, nickel,
iridium or rhodium) amorphous alloys. The tcr values
lie in the range —1.75 x 107*to —1.05 x 107 *K!
and its absolute values tend to increase with increasing
zirconium content, in accordance with the tendency
for the T, and T, values. Mooij [22] has reported that
the crystalline and amorphous alloys with a residual
resistivity above about 1.50 pQm exhibit a negative
ter. The residual resistivity of 4.2K for the Zr-M
amorphous alloys isin the range 1.80 to 1.90 4 m and
their tcr values are negative, consistent with the
Mooij’s empirical rule.

4. Discussion
4.1. Correlation between T, and the average
outer electron per atom ¢e/a

The compositional dependence of 7, for many super-
conductors has been known to be closely related to the
change in the number of the average outer electron per
atom (e/a). That is, there is a strong correlation
between T, and e/a and the correlation has been
known as the Matthias rule [23] for crystalline super-
conductors and as the Collver—-Hammond rule [24] for
amorphous superconductors. The latter rule repre-
sents that 7. shows a maximum value at ¢/a = 6.4 for

Tc (K)
<«rmebPEHOADDO
¥

>

ela

Figure 14 Relationship between T, and the average outer electron
per atom, e/a, for Zr o M, (M = Fe, Co, Ni, Cu, Ru, Rh, Pd, Os,
Ir, Pt or Au) amorphous alloys.

the 4d transition metals and alloys and at e/a = 6.8

for the 5d metals and alloys. The relation between 7,

and e/a for all the Zr—M amorphous alloys examined

in the present work is shown in Fig. 14. T, tends to rise

with decreasing e/a and one cannot recognize the

tendency that 7, exhibits a maximum value at

efa = 6.4 or 6.8. Thus the change in 7, of the Zr—-M

amorphous alloys with the group number, period and

content of M elements does not always agree with the

Collver-Hammond curve [24] obtained only for

metals and alloys of neighbouring metéils. The rise of
T, of the Zr—M amorphous alloys with decreasing &/a

implies that 7, is higher for the alloys containing M-
elements with a group number close to zirconiums
It has been recently found for a number of melt-

quenched amorphous superconductors consisting of
transition metals [25-28] that the bare density of *
states for the d electrons at the Fermi level decreases

with the increase in the difference in the group number

between the constituent metals through the splitting of
the d-band, resulting in a lower T,. These recent data,
also show that the compositional dependence of T, fo
the amorphous alloys often cannot be interpreted by
the Collver—Hammond rule. Similarly, the reason

why T of the Zr—-M amorphous alloys is lower in the
case where the group number of M elements is far
away from zirconium is interpreted as due to the
decrease in the electronic bare density of states at the

Fermi level through the splitting of d-band.

%

4.2, Change in T, with M content and its
dominating factor

It was pointed out in Section 4.1 that a rather strong
correlation between T, and e/a, which may be attri-
buted to the change in N(E;) with ¢/a, is recognized for
the Zr—M amorphous alloys. However, T, has been
known [29] to correlate closely with the Debye tem-
perature (65,) and the coupling constant between elec-
tron and phonon (A), in additon to N(E;). In this
subsection we shall evaluate the values of 8, N(E))
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Figure 15 The Young’s modulus sound velocity, V;, Young’s modu-
lus, E, and Debye temperature, 0y, of Zr,q, .M, (M = iron, cobalt,
nickel or copper) amorphous alloys as a function of M content.

and A for Zr,, M, (M = iron, cobalt, nickel or
copper) amorphous alloys and investigate the corre-
lation between T, and these parameters.

The value of 8, for an isotropic solid such as
amorphous alloys is calculated from experimental val-
ues of Young’s modulus, E, and density, 4 using the
following relation [30, 31]:

h (9N\? EV
Op = E(Zﬂ-) Wf(") ¢

where N is Avogadro’s number, M is the mean atomic
weight and f{v) is a function of Poisson’s ratio, v, and
if v is 0.40 commonly observed in amorphous alloys
[32], f(v) = 0.46. Yhe 8, values for the Zr-M
amorphous alloys calculated from Equation 1 are
plotted as a function of M content in Fig. 15. The 0y,
value rises almost linearly in the range 210 to 220K
with increasing M content, contrary to the tendency of
T., which decreases. Accordingly, the 6, is not
thought to be a dominating factor for 7, of the
Zr,_ .M, amorphous alloys.

The electronic dressed density of states at the Fermi
Level, N(Ep* = N(E))(1 + 4), was estimated from the
measured values of the A, gradient near T,, —(dH,/
dT),, and normal electrical resistivity, ¢,, by using
the following formula which is derived from the Ginz-
burg— Landau—Abrikosov—Gorkov (GLAG) theory
(e.g. [33]) and is applicable for the dirty-type super-
conductor of the Zr—M amorphous alloys:

at,
Ve + D) =~ (R o
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Figure 16 The dressed density of states at the Fermi level, N(E)
I+ A), of Zrge_ M, (M = iron, cobalt, nickel or copper)
amorphous alloys as a function of M content.

The values of N(E) (1 + A) for the Zr—-M amorphous
alloys thus obtained are plotted as a function of M
content in Fig. 16, The N(E)(1 + A) value tends to
decrease as does 7, (see Fig. 3) with increasing M
content, suggesting that 7, is dominated by N(E;)
and/or A rather than 6,,.

Subsequently, each parameter of 4 and N(E;) was
evaluated separately in order to investigate which par-
ameter, N(E;) or A, dominates the M concentration
dependence of T,. A can be estimated from the 7, and
0, values by using the McMillan equation [29],

1.04 + u* In (0,/2.45T.)

A =
(1 —0.624%) In (0p/1.45T,) — 1.04

&)

where p* is the Coulomb pseudopotential and the
value of u* for Zr—M amorphous alloys consisting of
sition metals has been reported to lie in the range 0.10
to 0.15 for the transition metals and alloys [34] and is
reasonably assumed to be ~0.13. While, N(E,) is
calculated from the measured values of g, and
—~(dH,/dT);, and the estimated value of 1 by using
Equation 2. The 4 and N(£E;) values derived thus are
plotted as a function of M content in Figs. 17 and 18,
respectively. From the comparison of Figs. 3, 17 and
18, one can notice a better similarity of the com-
positional dependence between T, and 4 as compared
with that of T, and N(E)), indicating that 4 may be

0.75¢ ZIiOO -x M, 1
Co
omor A :
< Cu
0.65- Fe\‘j\v 1
0.60F 1
70 75 30

M content (at%)

Figure 17 The electron—phonon coupling constant, A, of Zr o, M,
(M = iron, cobalt, nickel or copper) amorphous alloys as a function
of M content.
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concluded to be the most dominant factor for the
change in 7, with M content for the Zr—M amorphous
superconductors.

The relation between 4 and the phonon frequency
w is expressed by the Eliashberg equation, which gives
the accurate numerical solution of T, as follows [29]:

x

A= 2 jo aX(w) F(w) dw/o 4

Here F(w) is the phonon spectrum and a(w) the elec-
tron—phonon matrix element. Although there is no
information available on the change in the quantity
o} (w)F(w) for the Zr—M amorphous alloys with M
content, the change in 4 with M content can be
inferred by using McMillan’s factorization of A [29],

_ N(ENT

= TS (5)

(o™

Here { I*) is the average over the Fermi surface of the
square of the electronic matrix element, 4 the average
jonic mass and (@’ ) an average of the square of the
phonon frequency. As shown in Fig. 15, the Young’s
modulus sound velocity Vg, Young’s modulus F and
0y for the Zr—M amorphous alloys increase with
increasing M content, but no significant change in
N(E;) with M content (Fig. 18) is recognized. The
Debye approximation [35] represents the following
relation between V; and wy, or 0):

T AN kybp (6m°N\ "
() - (W) o

where N/Q is the number of atoms per unit volume
and A is Planck’s constant. Equation 6 indicates that
the increase in V; with M content is also related to the
increase in oy, as well as 0. From the above-described
discussion, the decrease in A with increasing M con-
tent for the Zr—M amorphous alloys is said to origin-
ate from the increase in {w?) with M content, even
though there is no established information on the
compositional dependence of (I*).

Ve =

4.3. Change in T, with the group number and
period of M elements and its dominating
parameter

In Section 4.2 we investigated the dominating

parameters for the change in 7, with M content for the

[3;)
T

ZrygMys

(K)

250 300 350
6p (K)

Figure 19 Relationship between 7. and weighted average Debye
temperature, 8, for Zr,sM,; (M = Fe, Co, Ni, Cu, Ru, Rh, Pd, Os,
Ir, Pt or Au) amorphous alloys.

Zr,_ M, amorphous alloys. In this section we shall
examine the correlation between T, and 0, N(E,) or
/4 for the series of Zr;sM,; amorphous alloys with an
aim to clarify the reason for the change in T, with the
group number and periodicity of M elements. Fig. 19
shows the relation between T, of the Zr,sM,s amorph-
ous alloys and the weighted mean Debye temperature

To = X ot o, )
for the pseudo binary Zr—M alloys. Here 6 ;(M)
values are the Debye temperature of the transition M
metals and X, is the atomic concentration of Zr and M
metals. As can be seen in Fig. 19, T, and 8, show a
strong correlation; 7, rises significantly with rising 0.
Also in Fig. 20, the relation between T, and N(E;)
(1 + A) for the Zr,sM,; amorphous alloys is shown.
Although a relatively large scattering is seen, one can
see a clear tendency that T, rises with increasing
N(E)(1 + 4). It appears important to point out that
the relation between 7, and 6, for the Zr;;M,;
amorphous alloys with M elements belonging to dif-
ferent group number and period is distinct from the

T T
pgp 200 ° -
A Ni //
e Ru s
o Rh A -
a Pd g
—_ s Ir e
XX P
“i00 ¢ Pt A& a 5
>U< T=37c/// A » //,/
I\E el a 7
//// A - ///
g //’/;'=27'c
Sk /’/// 4
1 L
2 5
Te (K)

Figure 20 Relationship between T, and the dressed density of states
at the Fermi level, N(E;) (1 + 1), for Zrye_ .M, (M = Fe, Co, Ni,
Cu, Ru, Rh, Os, Ir, Pt or Au) amorphous alloys.
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case discussed in Section 4.2. In the relationship
between T, and 8, for the Zr;;M,5 amorphous alloys,
T, rises with rising 8, i.e. with the increase in {w?>.
This suggests that the changes in the group number
and period of the M elements cause a significant vari-
ation of N(E;) which reflects in the similar variation of
A, resulting in the strong correlation between 7, and
N(E;) (1 + A) represented in Fig. 20. The conclusion
derived in this section, i.c. the variation of T for the
Zr,sM,s amorphous alloys with M elements originates
from N(E;), is consistent with the inferrence derived
from the relation between T, and e/a represented in
Section 4.1.

4.4. Temperature dependence of electrical
resistivity

It has been known (e.g. [36]) that the temperature
dependence of electrical resistivity for amorphous
alloys is roughly divided into the following three
categories. One is the In T dependence of resistivity in
the temperature range lower than about 20K. The
second is the existence of the temperature region where
the resistance varies with 72 andjor | — 7%, and the
third is the linear dependence of resistivity as a func-
tion of temperature. The R(T) of all the Zr—M amor-
phous alloys measured in the present work was found
tochange in the order of —In 7,1 — 7%and — T with
rising temperature, being consistent with the previous
results for amorphous Zr-M (M = cobalt [37], nickel
[37] or copper [11]) alloys, even though the transition
temperature at which the temperature dependence of
R changes, does not always agree with each other.

4.5. Correlation between 7, and T,

It was found for all the superconducting amorphous
alloys measured in the present work that electrical
resistance exhibits a maximum value at low tem-
peratures ranging from about 6 to 15K. The reason
for the hump phenomenon in the R— T relationship for
amorphous superconductors has been considered as
follows [38, 39]; the local fluctuation leading to an
appearance of superconductivity begins to generate at
T.... and the number of the superconducting fluctu-
ations increases with lowering temperature, resulting
in a drastic decrease in R(7). That s, T,,,, is defined as
the temperature at which the superconducting fluctu-
ation begins to appear locally and hence one may
expect a strong correlation between 7, and 7,. As
expected, Fig. 21 indicates a clear tendency that T,
lies in the range between 27, and 37,. A similar hump
phenomenon in which the electrical resistance exhibits
a maximum value has been also found [40] for the
non-superconducting Zr—M amorphous alloys such
as Zr;yMn,, etc. However, the T, for such amorph-
ous alloys shows much higher values (~ 30 K) as com-
pared with those for superconducting amorphous
alloys, probably because of a different mechanism for
the appearance of T,,,.

4.6. Correlation between tcr and
superconducting characteristics

Fig. 22 shows the relationship between T, and ter for

Zr—-M (M = cobalt, rhodium or iridium) amorphous
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Figure 21 Relationship between 7, and T, for Zrgy M,

(M = nickel, rathenium, palladium, iridium or platinum) amorph-
ous alloys.

alloys. One can see a clear tendency between both
these parameters; the larger the negative values of ter
the higher is the 7.. This differs from the previous
results [41] for zirconium—metalloid amorphous
alloys such as Zr—Si and Zr—Ge etc. in which T,
decreases with the increasing g, and the negative value
of ter. It suggests that the effect of solute element on
the superconducting properties is not always the same
between transition metal and metalloid. It has been
reported for noble metal-based crystalline alloys [42]
that ter is closely related to A which is a dominating
factor for T,. Fig. 23 shows the relationship between
ter and 4 for Zr—-M (M = cobalt or nickel) amorph-
ous alloys. It can be seen that A increases almost
linearly with increasing tcr. From the strong corre-
lation between A and tcr, the reason why T, of the
Zr—M amorphous alloys rises with the negative value
of tcr is reasonably thought to originate from the
increase in A.

5. Conclusion

Superconducting and electrical properties  of
zirconium-—transition metal (M = Fe, Co, Ni, Cu,
Ru, Rh, Pd, Os, Ir, Pt or Au) binary amorphous alloys
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t
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Figure 22 Relationship between 7, and tcr for Zry_,M,
(M = cobalt, rhodium or iridium) amorphous alloys.
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Figure 23 Relationship between tcr and A for Zr,_,M,
(M = cobalt or nickel) amorphous alloys.

were examined with an aim to clarifying the effect of
M elements on both the properties. The results
obtained are summarized as follows:

1. The formation range of the amorphous phase
extends in the vicinity of a eutectic composition
(~75at% Zr) and becomes narrower in the order
Ni > Fe ~ Co > Cu > Rh > Pd ~ Os ~ Ir ~
Au > Pt > Ru.

2. The Zr—-M amorphous alloys exhibit a very
sharp transition from normal to superconducting state
and the transition temperature, 7T, rises with decreas-
ing M content for Zry,_ .M, alloys and in the order of
Ru > Rh >Ir > Co > 0Os > Ni > Pt > Cu >
Pd > Fe > Au for Zr;s M, alloys. That is, T, tends to
exhibit higher values when the M elements belong to
the same period as zirconium and have a smaller
group number. The alloys exhibiting 7, higher than
the boiling temperature of liquid helium (~4.2K) are
limited to ZrgRh,, (T, = 4.55K), Zr;sRh,s (4.38K)
and Zr,sRu,s (4.47 K). Whilst the change in 7, with M
content originates from the variation of 4 through w,
the change in T, with the period and group number of
M elements is interpreted to be dominated by the
variation of 4 through N(E)).

3.J,is as low as ~10°Am % at T = 140K and
H = 0 even for ZrgRh,, exhibiting the highest T,
value, leading to the conclusion that the fluxoid pin-
ning force in the Zr—M amorphous alloys is extremely
weak because of a homogeneous structure on the scale
of coherence length. H,(T) shows a linear tem-
perature dependence at temperatures near 7, and the
gradient, —(dH,,/dT); , possesses a large value above
2.5TK™'. The gradient tends to increase with increas-
Ing zirconium content.

4. A large resistive state due to the flux flow
phenomenon appears in the transition from supercon-
ducting to normal states in sweeping field, but the flux
flow resistance disappears completely at high fields
just below H,. The recovery phenomenon into a
superconducting state was found to occur more dis-
tinctly for the Zr—M alloys containing M element
such as iron or cobalt and its reason was interpreted
to originate from the suppression of the pair-breaking
action due to the magnetic scattering arising from the
magnetic element by the application of high field.

5. The hump phenomenon of electrical resistance in

the resistance—temperature relationship, probably
because of a generation of the superconducting fluctu-
ations, was found to occur in the temperature range of
2T, to 3T, and the temperature at which the resistance
exhibits a maximum value tends to rise with rising 7.

6. The temperature dependence of the electrical
resistance is expressed by each relation of —In 7 at
temperatures below 30 K, — T2 in the range 30 to 80K
and —7 in the range of 150 to 250K. The tcr,
1/Ry5,(dR/dT), in the range 150 to 250 K shows nega-
tive values ranging from 1.05 x 107* to 1.75 x
10 *K ~". It was found a clear tendency that the larger
negative value of tcr the larger is the 4 and the higher
is the 7.
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