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Synopsis

Superconducting metastable bcc phase has been found in rapidly
quenched Zr-Ge binary alloys in a composition range 9 to 12 at$% Ge,
With decreasing germanium content, the Tc¢ value of the bcc alloys in-
creased from 3.30 to 3.88 K,while the H¢y gradient at Te,-(dHe2/dT) 7.,
and the electrical resistivity at 4.2 K, pp, decreased from 1.86x100
to 1.79x10% Am~1 k-1 and 2.00 to 1.70 pfm, respectively. There existed
a strong correlation between pp, T. and - (dHc2/dT)T.; with increasing
pns Tc decreased and - (dH¢2/dT)T. increased. A correlation between
the temperature coefficient of resistivity (TCR), l/pR'T'(dp/dT) and
Tc was also found; the larger the TCR the higher is the T.. The exist-
ence of such correlations was inferred to originate from the close
relation between the electron-phonon coupling constant A and p, or TCR.
The electronic dressed density of states at the Fermi level N(Eg) (1+1)
was calculated from the experimentally measured values of —(dch/dT)TC
and p;, by using theories for strong-coupling superconductors. It was
found that the values of N(Ef) (1+X) significantly reflect T-. The GL
parameter k and the GL coherence length £agp(0) were estimated to be
69-79 and about 7.5 nm, respectively, from the experimental values of
—(dch/dT)TC and pp. The metastable bcc Zr-Ge alloys are concluded to
be extremely '"dirty'" type-I1 superconductors.

I. Introduction
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For the past few years, numerous studies on the superconducting
properties of melt-quenched amorphous alloys have emerged [1-3]. It
has been found that an amorphous superconductor exhibits unique char-
acteristics which are not observed in crystalline counterparts. The
main characteristics are summarized in the following.

(i) A sharp transition to the superconducting state from extreme-
ly high electrical resistivities (pp>1.0uQm).

(ii) The appearance of large flux flow resistivity pf(H) and
extremely low critical current density Jc(H) as a result of a homoge-
neous structure on the scale of coherence length, and consequently of
very weak flux pinning force.

(iii) A large temperature dependence of upper critical field.

(iv) High stability of superconducting properties against tensile
and bending strains, cold working and neutron irradiation.

Recently, Inoue et al. [4-6] have demonstrated that in melt-
quenched Zr-Si binary alloys an amorphous phase forms in the range of
13-24 at% Si and a metastable bcc solid solution in the range of 9-12
at% Si and found that superconducting properties in many features are
very similar in these two phases. The similarity in superconducting
characteristics of the bcc phase and the amorphous phase, in spite of
the distinctly different structure, was attributed to the fact that
the bcc solid solution saturated with silicon was in an extremely
metastable state containing a high density of internal defects, numer-
ous grain boundaries and high internal strains. The above-mentioned
superconducting characteristics of the amorphous alloys and thus the
metastable bcc Zr-Si alloys are significantly different from those of
crystalline superconductors obtained by conventional fabrication pro-
cess. Systematic investigations of the superconducting properties of
the metastable bcc solid solutions in series of alloy systems quenched
from the melts and clarification of these features in comparison with
an amorphous superconductor and conventional crystalline superconduc-
tors are thus technologically and scientifically important. This
paper presents the formation range, hardness, normal electrical
resistivity and superconducting properties of the metastable bcc solid
solution in melt-quenched Zr-Ge binary alloys.

II. Experimental Procedure

The Zr-Ge alloys were prepared from high purity components by
arc melting under a protective argon atmosphere. The alloys were
repeatedly remelted to ensure compositional homogeneity. Long and

continuous ribbons of about 1 mm width and about 20 pm thickness were



150

obtained by a modified single roller melt-spinning method in which

the alloy is levitation melted [7]. The as-quenched phase of the sam-
ples was characterized by X-ray and electron metallographic techniques
which have been detailed elsewhere [8]. Hardness (Hy) was measured
by a Vickers microhardness tester with a 100 g load. The Young's
modulus sound velocity (Vg) along the longitudinal direction of the
ribbon samples was measured at 100 kHz using a pulse-echo technique.
The measurements of Hy and Vg were conducted at ambient temperatures.
Bend ductility testing was done for the as-cast ribbons, and samples
which were able to sustain a 180° bending were designated to be duc-
tile. The surface after a 180° bending was observed by a scanning
electron microscope. All measurements of superconducting properties
Te and H¢2(T) were done 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
7.2x100 A/m was applied perpendiculary to the specimen surface and

feed current.

ITI. Results

1. Formation range and hardness of the metastable bcc phase

Figure 1 shows the composition range in which the bcc solid
solution saturated with germanium was found to form without any trace

of equilibrium hcp o-Zr and bect ZrzGe phases in the Zr-Ge binary sys-
tems. In the figure, the data of Zr-Si alloys [5,6] are also pre-
sented for comparison. The bcc phase forms in the range of 9 to 12
at% Ge, which is below the concentration for the amorphous

phase formation region (13-21 at% Ge). The lattice parameter tends

to increase with increasing germanium content, e.g., 0.3715 nm for
ZrggGel1 and 0.3733 nm for ZrggGeyj2. These values are considerably
larger than that (0.3609 nm) for pure bcc B-zirconium at a temperature
of 1135 K [9], indicating that the bcc phase is a highly supersatu-

Allo Germanium or silicon concentrotion (at®hb)
Y s 20 2%

7r - Ge bce + hep /77bc \\ NN

+ Comp. Amorphous Compound

/
I N A \\\i\\ \\\\\
A LT /257577 NN\

Fig. 1 Composition ranges for the formation of a bcc phase and an amorphous
phase in the Zr-Ge system. The data of the Zr-Si system are also shown
for comparison.
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rated solid solution containing germanium element. Attempt was made
to examine, with transmission electron microscopic observation, the
internal structure of the bcc phase without fruitful result because
of the difficulty in producing a thin foil without contamination.
However, considering the microstructure of the metastable bcc phase
in melt-quenched Zr-Si alloys [6], it is reasonably inferred that the
bcc phase in Zr-Ge system also contains a high density of internal
defects, numerous grain boundaries
and sub-grain boundaries. It can
be seen in Fig. 1 that the forma-
tion range of the bcc phase is
almost the same between Zr-Ge and
Zr-Si systems. The cause for the
bcc phase formation in such alloy
composition ranges has been pre-
sented elsewhere [6].

It was striking to note that
the alloys with a bcc structure of

such a high solute content are

so ductile that no crack is found

at the tip of a specimen bent Zf886912, bcc

through 180°, as shown in Fig. 2, Fig. 2 Scanning electron micrograph

as observed in the amorphous phase. showing the deformation marking
. at the tip of the bcc ZrggGej2

Vickers hardness (Hy) and Young's alloy bent through 180°.

modulus sound velocity (Vg=vE/p)

of the metastable bcc alloys T T T T T
are plotted as a function of 600F F—bcc-_){ F—Amorphous-——g
germanium content in Figs. 3 and
4, where the data of the amor-
phous phase are also shown for

g

reference. The Hy and VE in-
crease from 425 to 496 DPN and
from 3.41 to 3.59 km/s, respec- 400 i

tively, with increasing germa-

nium content. Such germanium

Vickers hardness (DPN)

composition dependences of Hy

and Vg are similar to those for 300% 16 1} iz ]é 16

the amorphous Zr-Ge alloys [10, Germanium concentration (at o)
11]. The values of H, and VE/o Fig. 3 Germanium composition dependence of

the Vickers hardness (Hy) for bcc
Zr100-xGex alloys. The data of

tween the bcc and amorphous amorphous Zr—-Ge alloys are also
shown.

are almost the same level be-

phases, but one can see a dras-

tic change of hardness and
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Young's modulus sound veloc-

b
o
.

ity upon the structural

Zr-Ge

change of the bcc to amor-

w
(0]
T
L

phous phase in the vicinity

of 12-13 at% Ge. This indi-
cates that the difference in
long range atomic configura-
tion strongly affects the

bcc
hardness and Young's modulus.

w
=

Amorphous .
The similar tendency of hard-

ness [6] and Young's modulus

Young's modulus sound velocity (km/s)
w
o))
T
1

w
o

sound velocity [11] has been ]b 1} 12 1% Té zb
also recognized for Zr-Si Germanium concentration (at°b)

alloys in metastable bcc Fig. 4 Germanium composition dependence of
snd anoxphous phases. che Young's modulus sound veloolty
2. Electrical Resistivity alloys.

The electrical — : — : - :
resistivity, pp, at 4.2 K x‘ldl' bcc =,1 FvAmorphous—#
and the temperature co- o - 7
efficient of resistivity =
(TCR) around room tem- O
perature, 1/pgp T, (dp/dT), ©
for the bcc Zr-Ge alloys H -5L
are presented as a func- 300+

tion of germanium content
in Fig. 5, along with the 'g'ZSOk
data of amorphous Zr-Ge
alloys. Although the ~

magnitude of resistivity 9 150

T

. Zr-Ge
contains a rather large
) . 100 ! Il 1 1 1 L 1 1
uncertainty owing to the 8 9 10 1 12 13 14 15 16 17
lack of uniformity in Germanium concentration (at®.)
ribbons, it is concluded Fig. 5 Germanium concentration dependences of the
that the average re- electrical resistivity pPp at 4.2 K and the
temperature coefficient of resistivity
sistivity monotonically (TCR) 1/pg.7.(dp/dT) for bec Zrigo-xGex
increases with the amount alloys. The data of amorphous Zr-Ge al-

loys are also shown.
of germanium from 1.70

to 2.00 pom for the bcc phase and from 2.35 to 3.10 pOm for the amor-
phous phase. Meanwhile, as shown in Fig. 5, the TCR decreased with
increasing resistivity and changes a sign from positive, for the bcc

alloys except ZrggGey,, to negative for the amorphous phase, passing
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through zero around the resistivity =1.70-1.80 uQm. Such a correlation
between p, and TCR is consistent with the general tendency for a large
number of crystalline and amorphous alloys [12-14].

3. Superconducting Properties

Figure 6 shows the germanium composition dependences of T and
the transition width ATc of the bcc Zr-Ge alloys, together with the

data of the amorphous Zr-Ge alloys, where T. is the temperature cor-
responding to R/Rp=0.5. Rp is the resistance in the normal state, and
ATc represented by a vertical bar in the figure shows the temperature
interval between 0.1 and 0.9 R/R,. T¢ rises from 3.30 to 3.88 K with
decreasing germanium content. These values lie on the line extrapo-
lated from the data of the amorphous phase. From the fact that T¢
varies monotonically with germanium content without apparent discon-
tinuity at the bcc and amorphous phase boundaries, it is inferred
that (1)T: is closely related to the atomic configurations on the
localized scale of atomic distances and there is no apparent change
in atomic configuration in atomic scale dimension between the
metastable bcc and amorphous phases, and (2) the local atomic order-
ing of the amorphous alloys resembles that of the metastable bcc
phase, but not that of the equilibrium hcp a-Zr phase. Figure 6 also

shows that the appearanceof

hcp a-Zr and an unidenti- T T T T T T

[}
fied Zr-Ge compound results bcc’th!‘_bcc —»e—Amorphous —s
. s . +Comp. | g
in a significant lowering 4.0F . a
of T¢ and the Zrg2Geg alloy 2Zr-Ge

with the mix structure re- 5 \\\
3.

mains in a normal state

(K)
e

down to a temperature as

low as 2.1 K. The highest
Tc value (3.88 K) of the - o
bcc phase is about 6.4

1
1

times higher than T¢=0.61 K 25 2
[15] of hcp a-Zr metal. It

was also seen that the

L o
mixed structure consisting 20 ¥ L L L—

6 8 10 12 14 16 18
Germanium concentration (at®h)

Fig. 6 Germanium composition dependences of

of hcp ao- and bcc B- zirco-
nium and an unidentified

Zr-Ge compound exhibits a the as-quenched structure, the super-
conducting transition temperature T

remarkably large ATc as and the transition width AT. for melt-

compared with the bcc and quenched Zrjgo-xGex alloys. Vertical

amorphous phase. From the bars represent the transition width.

variation of Tc with ger-



154

manium content, it is ex-

50
- T — !
pected that a hypothetical ~ o ZrgGeg (bcc)
bcc pure zirconium would * A Zry,Geyq (becc)
exhibit a T. value of 6.2 2r-Ge “a v ZrgGey, (bec) ]

L
K. This extrapolated val- ’ 40

w
T

[ ]
ue is nearly equal to the

hypothetical value (=5.6

[ ]
o a
K) of "amorphous pure zir- 30
conium" predicted from the
data of T¢ in Zrgg-75
Cuys5-59 amorphous alloys 20
[16].
The upper critical 1+ \\Eﬁk
magnetic field, Hc2, was 0 Zrg,Ge 3(Am) 10
measured at various tem- 4 ZrgsGeys(Am)
. O Zrg3Gey7(Am)
peratures ranging from
1.5 K to Tc. Figure 7 0 1 7 é 0

0 1 4
Temperature (K)

i

(kQe)

1

Hep, (O8AMY)
N

shows the H¢2(T) vs tem-

perature (T) plots. Here

Fig. 7 The upper critical magnetic field H¢?2
at various temperatures for bcc

applied field at which the Zr100-xGex alloys. The solid lines

represent a linear extapolation at Tc.

The data of amorphous Zr-Ge alloys are

begins to deviate from its also represented.

the Hc2 was taken as the
resistance of the sample

normal value. Over the

temperature range measured, the Hcy value is much higher for the bcc
phase than for the amorphous phase. This corresponds to the fact
that T. is higher for the former alloys. Hc2 is seen to increase
linearly with decreasing temperature in the temperature range just
below T. and the relation can be expressed as follows.

i’ ) dHCZ] ]
y

The gradient at T¢, -(dHc2/dT)t., is estimated to be 1.65x106 am~1kx1
for Zrg1Geg, 1.79x100 Am-1K"1 for ZrgpGe1o, 1.82x106 Am~1K-1 for
ZrggGe11 and 1.86x106 Am~1x-1 for ZrggGe12, being lower than those
(1.96><106—2.51><106 Am~1K-1)[10] for the amorphous Zr-Ge alloys. It
is important to note that the gradient values at T, increase with
increasing germanium content and/or electrical resistivity.

IV. Discussion
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1. Relation between pp and T.

It has been [17-19] established for some superconducting com-
pounds that there exists a strong correlation between increases in
the residual resistivity p, and decreases in the Tc. More recently,
Inoue et al. also found the existence of the similar correlation be-
tween pp and T for some amorphous alloy systems of Zr-Si [5,20],
Zr-Ge [10,20], Zr-Nb-Si [21], Zr-Nb-Ge [22] and Mo-Si-B [23]. To
investigate the correlation between p, and T. for the metastable bcc
alloys with high resistivities, the experimental values of T¢ and
~(dHC2/dT)TC for the bcc Zr-Ge alloys are plotted as a function of
electrical resistivity pp at 4.2 K in Fig. 8. The data of amorphous

Zr-Ge [10] alloys are
40 T T T T T T T T

also represented for A4 72t-G
comparison. Although 3.5 \\\\:\\\\\ i
. [ ™Y
there is a rather -~
lar . 530L \ -
ge scattering, one . o
can see the tendency = o J
2.5-. ch
that the T. value © Amorphous
decreases and the —~20r . .
“(dHcp/dT)pe value in- < F T 3
creases with increas-  2.41
ing electrical re- e + 128%
. . 50k ©
sistivity. The higher '_20 e (¢] 4240
T. values for the bcc 8} :,/’° =z
(8] /
alloys appear to be I16 R T S e~ 20
3} 14 18 22 26 30

closely related to . Lo
Y Electrical resistivity at 4.2 K (uS2m)

the lower values of

Fig. 8 Correlation between electrical resistivity

electrical resistivity.
¢ Y pp at 4.2 K and Tc or -(dHq2/dT)T. for bec

Additionally, as shown Zr100-xGex alloys. The data of amorphous
in Fig. 9, the T, Z;;(e;e alloys are also plotted for refer-

values of the bcc

alloys tend to increase with increasing the magnitude of TCR. This
tendency implies that the increase in the temperature dependent part
of the resistivity due to phonon scattering results in a rise of Tc.
A similar tendency has been recognized for thin films of Nb3zGe and
Nb [17-19] and the origin has been interpreted by the following ap-
proximate equation which is applicable in the temperature range of
T>>08p.

[6(T)-p,)/T = [N(Eg) <v>/317 L (2nkp/e?h)ner (2)
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A ]

Here N(Ef) is the bare 4.0

density of states at the

Fermi level, vg is the

Fermi velocity and Atr is Q
a coupling constant close- ~
ly related to A defined o

by the function a2 (w)F(w) 30F
in the McMillan theory [25]
. bece
for the strong-couplin *
& P . £ . 2.5L O Amorphous
superconductors, which is e } ' +

described in more detail

below. If one assumes E‘ 22k
that the factor N(Ef) <vfl> E
remains constant with é;
varying temperature [26], :’ZOL

then dp/dT in the temper-
ature range T>>0p is es-

sentially proportional to

- (dHedT)y,
[e2]
e

A. The equation (2) also

implies that the increase 16 . , \ ’
in pp results in a small =4 -2 0 +2 +4
: . -4 1,-)

X value. Thus, there is TCR (10°K")

a tendency that the small- Fig. 9 Correlation between TCR and Tc¢ or

er the py value and the =(dH¢p/dT) ¢ for bee Zrjpo-xGex alloys.
The data of amorphous Zr-Ge alloys are

larger the dp/dT value, also plotted for reference.

the larger is thF A value.

Accordingly, the strong correlation between Tc and pp or TCR appears
to originate from the change in A. Further, the reason why the re-
sistivity of the bcc phase is lower compared with the amorphous phase
may be due to the combined effect of the following two factors: (1)
the increase in conduction electrons due to the decrease of germani-
um element exhibiting semiconducting nature, and (2) the decreases of
structural disorder and defects which cause the scattering of con-

duction electrons.

2. Dominating parameters for T¢

It is well known [25] that the T, value for a strong coupling
superconductor is dominated by the Debye temperature 6p, A and/or
N(Ef) and the larger the bp, A and N(Ef), the higher is the T.. In or-
der to examine the reason for the rise of T¢ with decreasing germanium
content and upon the structural change of amorphous to bcc phase, we
estimated the electronic dressed density of states at the Fermi level
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N*(Ef)=N(E¢) (1+2) from the measured values of the H., gradient at Tc,
—(dch/dT)TC, and electrical resistivity at 4.2 K, pp, by using the
following formulas based on the Ginzburg-Landau-Abrikosov-Gorkov
(GLAG) theory [27].

. dH.2
NCE) (1+A) = - gzern Lar ) Tc (3)

The formula is applicable in the dirty 1limit where the electron mean
free path is much less than the supercénducting coherence length
2<<g. This criterion is well satisfied for the bcc Zr-Ge alloys
since the coherence length is about 7.5 nm as shown later and the
mean free path is estimated to be less than 1 nm from the experimen-
tal resistivity (1.70-2.00 uQm) by using the following equations
based on the nearly free electron model [28].

mv
g 1 (4
ne2py
ve= D(snlnl/3 (5)

Here m and n are the electron mass and the density of electrons per
unit volume, respectively. The values of N(Ef) (1+)) thus obtained
are summarized in Table 1, together with the values of T., ATc, pop

Table 1 Superconducting and the related properties of becc and amorphous Zr-Ge

alloys

Alloy T. | AT.| pg, -(dHc2/dT) N(Eg) (1+1)  [Een (@) | k | %o D As-Q
(at%)] (K) (K) |(uQm) (106Am—1K~1) (1047 states (nm) (nm) [(mm2/s)| struc-

‘ 3,071 spin~1y ture

Zrg1Geg | 3.50{0.48 ] 1.70 1.65 2.17 7.9 66[ 732 53.0 | bcc

ZrggGejg 3-88/0.10 | 1.70 1.79 2.36 7.2 | 69| 695 | 48.8 | bee

ZrggGeyy| 3.34/0.11 | 1.90 1.82 2.14 7.7 | 74| 792 47.9| bec

ZrggGe12 3.30[0.10 | 2.00 1.8 | 2.07 7.6 | 76| 817 | 47.1] bee
ZrgyGey3 2.88/0.07 | 2.35 1.96 1.86 8.0 | 85| 948 | 44.6 | Amor-
phous

ZrggGey g 2.591(0.05 1 2.80 2.29 1.82 7.8 (10111092 38.2 | Amor-
phous
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and - (dHc2/dT)p. at T.. Ad- T T T
ditionally, the data of the i;Z4L e bcc Zr - Ge .
amorphous Zr-Ge alloys are '9. o Amorphous

also shown in the table for T,

comparison. The N(E¢) (1+21) (?E'Z.Z- 7
values for the bcc Zr-Ge 8 y

alloys decrease from 2.36x :g

1047 to 2.07x10%47 states %20 )
m- 3 g1 .spin'1 with in- fi

creasing germanium content. ‘fIB i
The relation between T and gé

N(Eg) (1+X) is shown in Fig. g%

10 along with the data of 1-62.0 21.5 3?0 3.[5 40

amorphous Zr-Ge [10] alloys. Tc  (K)

a h -
It can be seen that the val Fig. 10 Correlation between T. and

ues of N(E¢) (1+1) strongly N(Ef) (1+1) for bec Zrjpp-xGey al-

. . loys. The data of amorphous Zr-
reflect on T¢: that is, the Ge alloys are also plotted for
larger the values of N(Ef) reference.

and/or X, the higher is the

T.. In addition, the N(Eg) (1+1) values of the bcc Zr-Ge alloys are
considerably higher than that (2.00x1047 states .m"3 .J-1 .spin 1)
[15] of hcp a-zirconium metal. This appears to be one of the reasons
why the bcc alloys exhibit higher T, values compared with hcp zirco-
nium metal.

The value of 6y, which is the other dominating parameter for Tc,
is not determined in the present study. However, the data of the
Young's modulus sound velocity may allow one to predict the compo-
sitional dependence of the 6p values from the following equation
based on the Debye approximation [28], even though the velocity was

measured at ambient temperatures.

h

9/

2y kpo 2
612N ]-1/3 kg D[(m N ]-1/3 (6)

VE=UJD[ 9)

Here wp is the Debye phonon frequency and N/Q the number of atoms per
unit volume. This equation clearly indicates that the increase in
the Young's modulus sound velocity with increasing germanium content
shown in Fig. 4 corresponds to the increases in the Debye phonon
frequency and the Debye temperature. Accordingly, it is concluded
that 6p of the bcc Zr-Ge alloy increases with increasing germanium
content. Nevertheless, as shown in Fig. 6, the increase in zerconium
content results in a lowering of T.. From the above results, it is

concluded that the T, values of Zr-Ge alloys in the metastable bcc
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and amorphous phases are not primarily governed by the Debye temper-
ature.

The btliashberg equation by McMillan [25], which gives the accur-
rate numerical solution of Tc, describes the relation between the

electron-phonon coupling constant X and the phonon frequency w as
follows:

A= 207 az(m)F(w)dw/w (7)

Here F(w) is the phonon spectrum and a(w) the electron-phonon matrix
element. Although the quantity 02(w)F(w) is not known in the present
study, one can infer by using the McMillan's factorization of X [Z5].

N{Eg)<IZ>

A= (8)
M<wl>

where <I®> is the average over the Fermi surface of the square of the
electronic matrix element, M the average ionic mass and <w> an aver-
age of the square of the phonon frequency. The data of the Young's
modulus sound velocity as a function of germanium shown in Fig. 4
indicate that the values of <w?>increases with increasing germanium
content, resulting in a decrease in X, even though the values of
N(Ef)<12> remain unknown for the Zr-Ge alloys. The change in X

with varying germanium content is consistent with the above-described
correlation between T, and A.

3. Parameters characterizing the nonequilibrium bcc superconductor

In an extended GLAG theory for "dirty' superconductors [27], the
GL coherence length £, (0) at 0 K, the extrinsic GL parameter «, the
penetration depth Ao at 0 K and the electronic diffusivity D are
expressed by the following relations and the values estimated from

the expressions are also shown in Table 1.

1/2

EGL(0) = 1.0x107 0 (p vTe)” (9)
« =7.49x103y 1/ 2, (10)
Ao =1.05x10-2(p /T) /2 (11)
4knc {dH 2]'1
-_. B ¢
Rl G v (12)

As seen in the table, the «, £31(0) and X, increase from 69 to 76,
7.2 to 7.7 nm and 695 to 817 nm, respectively, with increasing germa-
nium content, while the D value decreases from 48.8 to 47.1 mmZ/s.
The high values of «, &g (0) and Ao and the low value of D appear to
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originate from a small value of the electron mean free path in the .
solid solution saturated with germanium containing a high density of
internal defects, as evidenced by the high electrical resistivity
ranging from 1.70 to 2.00 u@m. Therefore, it is concluded that the
present bcc Zr-Ge superconductors are typical type-II material char-
acterized as extremely high degree of dirtiness, being similar to the
amorphous superconductors. However, the degree of dirtiness signifi-
cantly decreases upon the structural change from amorphous to bcc
phases, suggesting that atomic configurations in the bcc alloys are
in much less random state on the scale much smaller than £gp (0).

4. Comparison of the hardness, Young's modulus sound velocity and

the superconducting characteristics between bcc and amorphous
phases

As shown in the section 3, the structural change of the bcc to

amorphous phase results in the drastic changes of hardness and
Young's modulus sound velocity, while no apparent discontinuity at
the bcc and amorphous phase boundaries is seen in the superconducting
and electrical properties of T., AT., -(dHc2/dT)Tc, pp and 1/pR.T.
(dp/dT) and in the fundamental parameters for superconductivity such
as N(Eg) (1+1), EGL(O), Kk, Ao and D. The marked difference of the
composition dependence suggests that the hardness and Young's modulus
sound velocity appear to be dominated by the long-range atomic con-
figurations and hence are very sensitive to the structural change
from the bcc to amorphous phase, whereas the other properties are
closely related to the local atomic configurations on the scale of
atomic distances. The monotonous variations of the properties in the
vicinity of the bcc to amorphous phase suggest a great similarity of
the atomic configurations on the localized scale of atomic distances
between the bcc and amorphous phases. It is of vital interest to
carry out the detailed investigation on the local atomic configura-
tion in the bcc and the amorphous phases.

5. Summary and conclusions

A metastable bcc phase exhibiting superconductivity was found in
melt-quenched Zr-Ge binary alloys. The formation range of the bcc
phase was 9 to 12 at% Ge. Specimens were produced in the form of a
continuous ribbon of about 1 mm wide and about 0.02 mm thick using a
melt spinning apparatus in which the alloy was levitation melted.

The bcc alloys are completely ductile and can be folded together with-
out fracture. The hardness (Hy) and Young's modulus sound velocity
(Vg) gradually increase with germanium content. The bcc alloys

showed a sharp superconducting transition from high electrical re-
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sistivities. With increasing germanium content, T. decreased from
3.88 to 3.30 K, while the -(dch/dT)TC at T. and pp at 4.2 K in-
creased from 1.79x106 to 1.86x100 Am-1 K_1 and 1.70 to 2.00 u@m, re-
spectively. A strong correlation among oy, 1/pg. 7.(dp/dT), T. and
—(dch/dT)TC was found; with decreasing Pp OT with increasing 1/°R.T.
(dp/dT), T, increases and -(dch/dT)TC decreases. The existence of
the correlation between T, and p, or l/pR_T.(dp/dT) was inferred to
reflect on the strong correlation between X and Py OT l/pR.T.(dp/dT).
N(Ef) (1+)) was calculated from the experimentally measured values of
on and - (dH¢2/dT)p. by using the strong-coupling theories. The T¢
versus N(Ef) (1+X) or Vg plot suggests that Tc is mainly governed by
N(Ef) or A rather than 6p. Further, the values of &g (0), «, and Ao
were estimated to be about 7.5 nm, 69-76 and 695-817 nm, respectively,
from the experimental values of -(dch/dT)TC and p, by using the ex-
tended GLAG theory. It was therefore concluded that the metastable
bcc alloys are typical "dirty'" type-II superconductor.
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