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Non-equilibrium crystalline superconductors in 
Zr-Si binary alloys rapidly quenched from melts 
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The Research Institute of Iron, Steel and Other Metals, and the *Graduate School, 
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The new non-equilibrium superconductor with a b c c structure has been found in rapidly 
quenched Zr-Si alloys. The silicon content in the b cc alloys was limited to the narrow 
range between 8 and 11 at%. The b c c alloys showed a superconducting transition whose 
temperature increased from 3.20 to 3.84 K with decreasing silicon content. The upper 
critical magnetic field and the critical current density for Zr92Si8 alloy were of the order 
of 3.58 x 106 Am -1 at 2.0 K and 3.3 x 106 Am -2 at 2.42 K in the absence of an applied 
field. The upper critical field gradient at the transition temperature and the electrical 
resistivity at 4.2 K were about -- 1.82 x 106 Am -1 K-I  and about 150 #~Qcm. The 
Ginzburg-Landau parameter K and coherence length ~GL (0) were estimated to be about 
65 and 6.3 nm, respectively, from these experimental values by using the Ginzburg- 
Landau-Abrikosov-Gorkov theory and hence it is concluded that the present b c c alloys 
are extremely "soft" type-II superconductors with a high degree of dirtiness. 

1. Introduction 
According to the study on the superconductivity 
of vapour-deposited amorphous metals and alloys 
by Collver and Hammond [1], it is expected that 
melt-quenched zirconium-based amorphous alloys 
exhibit superconducting transition temperatures, 
To, higher than those of the crystalline alloys. In 
fact, it has been recently demonstrated that the 
amorphous alloys of Zr-Si [2-4]  and Zr -S i -M 
(M = B, C, Ge, Sn or A1) [5] systems obtained by 
a liquid quenching technique have Tc values rang- 
ing from 2.1 to 4.1 K which are about 4 to 7 times 
as high as that (0.61 K) [6] of pure hexagonal close 
packed (hcp)  zirconium. In subsequent investi- 
gations, it was found that a non-equilibrium 
crystalline phase with a body centered cubic (b c c) 
structure appeared on the low metalloid concen- 
tration side of the amorphous phase-forming 
region, and the b c c phase also exhibited super- 
conductivity better than that of the equilibrium 
crystalline phase, as well as high hardness com- 
bined with a rather ductile nature. This paper 
deals with the composition range for the forma- 
tion of the non-equilibrium b c c solid solution in 
the Zr-Si bindary system and the superconducting 
properties and hardness of these alloys. 
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2. Experimental procedure 
Mixtures of 99.6wt% pure zirconium and 
99.999wt% pure silicon were melted under an 
argon atmosphere in an arc furnace. 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 mm 
width and 0.02 mm thickness were prepared from 
the master alloys under an argon atmosphere using 
a modified single-roller melt spinning apparatus 
adapted to a levitation furnace. The methods of 
characterizing the as-quenched phases by X-ray 
and electron metallographic techniques are 
described elsewhere [2]. Hardness was measured 
by a Vickers microhardness tester with a 100g 
load. 

The superconducting transition was detected 
by measuring the resistivity of the specimen using 
a conventional four-probe method with a constant 
current of 1 mA. The temperature was measured 
with an accuracy of -+ 0.01 K using a calibrated 
germanium thermometer. The measurements of 
critical current density, Jc(H), and upper critical 
magnetic field, Hc2(T), were performed at various 
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Figure ] Composition range for the formation of a b c c 
single phase in the Zr-Si binary system. The binary phase 
diagram was adopted from [7]. 

temperatures ranging from 1.5 K to Te using a super- 
conducting solenoid for magnetic fields up to 
about 7.16 x 106 Am -~ applied transversely to the 
specimen. 

3. Results 
�9 3.1. S t ruc tu re  and f o r m a t i o n  range o f  

the  n o n - e q u i l i b r i u m  c rys ta l l i ne  phase 
The compositional dependence of as-quenched 
phase in the Zr-Si  binary system is illustrated in 
Fig. 1: the equilibrium phase diagram [7] is also 
given for comparison. In the alloy system, it can 
be seen that the amorphous and b cc phases 
appear as a non-equilibrium phase 'instead of 
the equilibrium mixture of  h c p a-zirconium and 
Zr4Si phases. Their formation is limited to a range 
of 8 to 11 at% Si for the b c c  phase and of 12 to 
25 at% Si for the amorphous phase. 

The microstructure of  the b c c phase in Zr91Si9 
alloy is shown in Fig. 2, together with the corre- 
sponding selected area diffraction pattern. In the 
figure, the mixed structure consisting of h c p  a- 
zirconium, b c c /3-zirconium and an unidentified 
Zr-Si  compound in Zr94Si6 alloy, and the amor- 
phous single phase of the ZrssSils alloy are given 
for reference. As shown in Fig. 2c, the b c c phase 
contains numerous internal defects and the diffrac- 
tion pattern taken by using an aperture having a 
diameter of about 0.2/Jm shows many reflection 
spots which extend along the circumferential 

direction, indicating that the b c c single phase 
consists of numerous subgrains with sizes less than 
about 100nm. The lattice parameter measured by 
the X-ray diffractometer technique tends to 
increase with increasing silicon content, e.g., 
0.3547 nm for Zr91Si9 and 0.3550 nm for Zr89Sin. 
The b c c lattice parameter can be extrapolated to 
a value of about 0.3533 nm for the hypothetical 
pure b c c zirconium. Although the lattice para- 
meters of the b c c Zr-Si  alloys are smaller than 
that (0.3609nm) for pure b cc  ~3-zirconium at 
temperatures as high as 1135 K [8], the values are 
much larger than the lattice parameter of hypo- 
thetical pure b c c zirconium at room temperature 
because of the dissolution of a large amount of 
silicon. The above results indicate that the b c c 
phase is a supersaturated solid solution containing 
silicon element much more than the equilibrium 
concentration. 

3.2. Hardness  
The Vickers hardness, Hv, of Zr-Si  alloys showing 
the b c c single phase is plotted as a function of 
silicon content in Fig. 3: the data of the amorphous 
single phase [2] are also shown for comparison. 
The hardness of the b c c alloys increases signifi- 
cantly from 415 to 520DPN with increasing 
silicon content. Furthermore, one can see that 
these values are slightly higher than those [2] of 
the amorphous alloys. Such high hardness values 
are considered to be caused by the combined 
effect of solid solution hardening and the extremely 
high density of internal defects. 

It may be important to note that the non- 
equilibrium b c c alloys possess a relatively highly 
flexible nature. As an example, the deformation 
structure of Zr89Sill alloy bent completely by 
pressing against the edge of a razor blade is shown 
in Fig. 4. Numerous deformation markings can be 
seen near the bent edge even though the occur- 
rence of minor cracks are observed. 

3.3. E lect r ica l  res is t i v i ty  
The electrical resistivity, p, at 77 K and the tem- 
perature coefficient of resistivity (TCR) in the 
temperature range from 77K to room tempera- 
ture, 1/prtT(dp/dT), for the b c c alloys are plotted 
as a function of silicon content in Fig. 5; the data 
for amorphous Zr-Si  alloys are also given for 
comparison. The resistivity of the b cc  phase 
is of the order of 145 to 165/.tflcm, being con- 
siderably lower than that of the amorphous phase. 
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Figure 2 Transmission electron micrographs and selected area diffraction patterns showing the as-quenched structure of 
(a) and (b) Zr94Si6, (c) and (d) Zr91Si 9 and (e) and (f) ZrssSi15 alloys. 
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Figure 3 Change in Vickers hardness, Hv, for b c c and 
amorphous Zr-Si alloys with silicon content. 
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Figure 5 Changes in electrical resistivity, p, at 77 K and 
temperature coefficient of resistivity (TCR) of b c c and 
amorphous Zr-Si alloys with silicon content. 

This suggests that the mean free path of  electrons 
in the b c c  phase is longer compared with the 
amorphous phase even though the former phase 
dissolves a large amount of  silicon and contains 
numerous internal defects. The temperature coef- 
ficient shows positive values ranging from 1.07 x 
l0  -4 to 3.19 X 10 -4 K -1 and its sign is opposite to 
that of  the amorphous alloys. It can also be seen 
in Fig. 5 that the TCR tends to decrease with 
increasing resistivity and might become zero 
around p = 180/J~2cm, even though this value is 
slightly higher than that (--~ 150 ~tg2cm) for a large 
number of  crystalline alloys [9]. 

Figure 4 Scanning electron micrograph showing the 
deformation marking at the tip of a b c c Zr89Si H alloy 
bent through 180 ~ around the edge of a thin razor blade. 

3.4. Superconducting properties 
Fig. 6 shows the electrical resistance curves in the 
vicinity of  Te in the case of  no applied magnetic 
field for the b c c Zr -S i  alloys. The data of  amor- 
phous Zr87Si13, ZrssSias and Zr83Si17 alloys are 
also included for comparison. The transition 
occurs rather sharply with a temperature width of  
less than 0.5 K from the relatively high electrical 
resistivity values (--~ 150 #~2cm) of  the b c c alloys. 
However, as seen in the figure, its width is much 
wider than that of  the amorphous alloys. Fig. 7 
shows the plots of  Te and ATe of  the b c c Zr-Si  
alloys as a function of  silicon content. In addition, 
the data of amorphous Zr -S i  alloys [2] are also 
plotted for reference. T e is the temperature corre- 
sponding to R/ R  n = 0.5, where R n is the resist- 
ance in the normal state. The transition width 
ATe, represented by a vertical bar in the figure, 
represents the temperature interval between 10% 
and 90% of  R/ R  n. Tc is 3 .20K for Zr89Si11 and 
increases with decreasing silicon content. The 
highest T e attained is 3.84 K for Zr92Si 8 . As shown 
in Fig. 7, any further decrease in silicon content 
resulted in a significant lowering of To, accom- 
panied by a structural change of  the b c c single 
phase to the mixed structure of  b c c/]-zirconium, 
h cp  c~-zirconium and an unidentified Zr -S i  
compound. As a result, the alloy remained in a 
normal state down to a temperature as low as 
1.5 K. Further, it may be important to note that 
the T~ of  hypothetical pure b c c zirconium can be 
extrapolated to a value of  5.3 K from the variation 
of  Te with silicon content shown in Fig. 7. It is 
concluded from the above results that the non- 
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Figure 6 Electrical resistivity as 
a function of temperature for 
several Zr-Si bcc  and amor- 
phous alloys. 

equilibrium b c c solid solution is a new super- 
conductor having a T e value much higher than that 
of the equilibrium phases. Furthermore, it appears 
important to note that the T e values of the b c c 
phase lie on the linear line extrapolated based on 
the data of the amorphous alloys. This result 
suggests that the superconductivity is dominated 
by the same mechanism in spite of the distinct 
difference in as-quenched structure. The detailed 
discussion on this point will be presented in a later 
section. 

The upper critical magnetic field, He2, was 
measured at different temperatures ranging from 
1.5 K to Te. Fig. 8 shows the transition curves 
from the superconducting state to the normal state 
through the superconducting mixed state under a 
current of 1 mA at different temperatures for the 
b c c Zr92Si8 alloy. Resistive states are seen in a 
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Figure 7 Changes in the superconducting transition tem- 
perature, T c and the transition width, AT e, of b cc and 
amorphous Zr-Si alloys with silicon content. Vertical 
bars represent the transition width. 

wide range of fields and the transition is quite 
considerably broad. The so called "peak effect", 
which is one of the characteristic nature for 
amorphous Zr-Si  superconductor [3, 4], does not 
appear on the resistive transition curve, indicating 
the existence of a rather strong flux pinning force. 
This tendency is considered to be due to the fact 
that the structure of  the b c c phase is more in- 
homogeneous on the scale of coherence length 
compared with the amorphous phase. Here, we 
define He2 to be the applied magnetic field at 
which the resistance of the samples begins to 
deviate from its normal value. The temperature 
dependence of He2 for the b c c Zr-Si  alloys is 
shown in Fig. 9, where the solid lines represent a 
linear extrapolation at T e. He2 increases linearly 
with decreasing temperature over almost the whole 
temperature range and the gradient at T e, (dHc2/ 
dT)w c, is -- 1.75 x 106 Am -1 K -1 for Zr92Si8 and 
-- 1.83 x 106 Am -1 K -1 for Zr91Si 9 . 

The critical current density, Je, was measured 
at 2.42K and 2.87K under an external applied 
magnetic field. Fig. 10 shows the critical current 
density, Je(H), as a function of magnetic field for 
the b c c Zr92Si8 and Zr91Si9 alloys. For instance, 
Je at 2.42 K in the absence of an applied field is 
found to be about 2 to 3 • 10 6 Am -2. The value 
of Je decreases very rapidly with increasing mag- 
netic field and at H / H e 2  "~ 0.3 it is of the order 
of  0.1 • 106Am -2. Such a rapid decrease of Jc 
with increasing field is due to the weak flux 
pinning force, probably because the b c c alloys 
have a homogeneous structure on the scale of 
coherence length which is estimated to be about 
6.3nm (see Section 4.1). That is, this result 
suggests the possibility that lattice defects in the 
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present b c c  alloys are strongly distorted on a 
scale smaller than the coherence length. However, 
judging from the result that the Je values of  b c c 
alloys are higher than that of  the amorphous 
ZrasSi15 alloy, 0 . 2 x l 0 6 A m  -2 at about 2 .4K 
[3, 4], it may be stated that the flux pinning 
force for the b c c phase is not  so weak as that for 
the amorphous single phase because of  the exist- 
ence of  effective pinning centres such as grain 
boundaries, dislocations and the other defects. 

4 .  D i s c u s s i o n  

4.1.  F o r m a t i o n  o f  t he  n o n - e q u i l i b r i u m  
b c c so l id  s o l u t i o n  

As is evident from the equilibrium phase diagrams 
of  the Zr -S i  binary system, the field where the 

b c c phase exists stably is located at temperatures 
above about 1273 K and the maximum dissolution 
of  silicon in b c c/3-zirconium is limited to less than 
about 0.6 at% [7]. Therefore, in order to form a 
b c c single phase at room temperature, the equili- 
brium b cc  phase must be cooled sufficiently 
rapidly to room temperature without the transfor- 
mation from the b c c to the h c p phase. In addition, 
the formation range of  the non-equilibrium b c c 
phase deviates significantly to the silicon rich side 
compared with the equilibrium phase diagram. 
This result indicates that the b c c phase which 
exists stably at high temperatures transforms to 
h c p a-phase and Zr -S i  compound and hence no 
b c c single phase is produced in the equilibrium 
composition range of  b c c phase even by the melt- 
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T A B L E I Superconducting and the related properties of b c c and amorphous Zr-Si  alloys. 

Alloy system Te(K) (dHeJdT)ge 0,4.2K 3" N*(0) ~GL(0) ~ D(cm2sec -1) Structure 
(106 Am -1 K -1) (~2cm) ( Jm-aK 2) Xl041~" (nm) 

Zr92Si8 3.84 -- 1.75 145 336.5 2.68 6.2 63 0.499 b c c 
Zrg~Si 9 3.57 -- 1.83 155 331.0 2.64 6.3 67 0.477 b ec 
Zr8sSi]5 2.65 --2.30 270 239.0 1.90 6.6 100 0.390 Amorphous 

tN*(0): states cm -3 J-~ spin -~. 

quenching technique. Therefore, in order to form 
a b c c single phase at room temperature in the 
Zr-Si  system, it is necessary to supercool the 
primary b cc phase containing silicon element 
more than the limits of the equilibrium solubilities, 
and to suppress the phase transformation of 13 to 

+ compound. 
Furthermore, it can be seen in Fig. 1 that the 

formation range of the b c c phase is located in the 
vicinity of the eutectic composition and the amor- 
phous single phase appears in the composition 
range which encompasses the Zr4Si compound. 
This result is in disagreement with the general 
tendency [10] that almost all the amorphous 
alloys in metal-metalloid systems are located in 
the composition range including their eutectic 
point. The reason why the b c c single phase forms 
in place of an amorphous phase in spite of its 
deep trough of melting temperature near the 
eutectic composition appears to be due to the 
significantly low silicon content at the eutectic 
point in Zr-Si  system. Considering the previous 
results [11] that the formation of an amorphous 
phase in binary alloys is commonly limited to the 
metalloid range about 13 to 30at%, it may be said 
that the silicon content (9 at%) at the eutectic 
composition is too low to form the amorphous 
phase of Zr-Si  alloys, resulting in the b c c single 
solid solution saturated with silicon. The import- 
ance of metalloid content and composition as well 
as the deep trough of melting temperature for the 
formation of an amorphous phase has been pointed 
out from the viewpoints of atomic configuration, 
see for example, [ 12] and chemical bonding nature 
[ 13 ] of constituent elements. 

4.2. Supe rcondu c t i n9  pa rame te r s  
It has been demonstrated in a previous section that 
the non-equilibrium b c c solid solution is a new 
superconductor exhibiting Te values much higher 
than that of equilibrium pure zirconium metal. In 
this section, we shall investigate the origin of the 
superconductivity of the b c c solid solution by 
evaluating some fundamental superconducting 

parameters. From the measured values of the 
upper critical field gradient at Te, (dHe2/dT)%, 
and electrical resistivity, p, we can estimate some 
fundamental parameters dominating superconduc- 
tivity such as the electronic specific heat coef- 
ficient, % the electronic dressed density of states, 
N*(0), at the Fermi level, and Ginzburg-Landau 
(GL) coherence length ~GL(0) and the GL para- 
meter K by using the following relations based 
on the Ginzburg-Landau-Abrikosov-Gorkov 
(GLAG) theory, see for example [14]. 

~ 3 k B (  d/'/c2 ] , 

3' - 12ep  1 dT /re (1) 

N*(0) = - - n h ( d H J d T ) T c  
16kBe2~o p , (2) 

1  GL(0) = ' (3) 

and 
= ( 6 . 0 7 ' / = ) - 1 (  - dH~2/dr)rc, (4)  

where h is Planck's constant, k]~ is the Boltzmann 
constant and e is the electronic charge: the values 
have been obtained by the usual methods, q~o 
represents the flux quantum. The superconducting 
parameters in the b cc Zr-Si  alloys obtained 
using these equations are summarized in Table I, 
and the values of Te, (dHe2/dT)Te, P and the 
electronic diffusivity, D, are also included for 
reference. The value of D is given by the following 
expression,[ 15], 

D -4kBcg-dHc2t -1 
~e \ a T  ] ' (5)  

K, ~GL(0) and D are about 65, 6.3 nm and 0.488 
cm 2 sec -1 for the b c c Zr-Si  alloys. Such a high 
value of ~ and the low value of D appear to 
originate from a small value of the electron mean 
free path, l, due to the high density of lattice 
defects near atomic scale, as evidenced by the 
high electrical resistivity. Therefore, it is con- 
cluded that the new superconductor of the b c c 
solid solution found in the present work is of 
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typical type-II material characterized by a high 
degree of dirtiness. Furthermore, it has been 
demonstrated that the flux pinning force of this 
superconductor is very weak as is evident from 
the result (Fig. 8) that the resistive state gener- 
ates at considerably low magnetic fields due to 
the flux flow. This weak flux pinning force also 
implies that the present crystalline superconductor 
is a very "soft" type-II superconductor despite the 
expectation that numerous internal defects intro- 
duced in the b c c  phase might act as pinning 
centres. This unexpected result is considered to be 
due to the correlation between the size of these 
defects and the coherence length. The coherence 
length of the present superconductors is estimated 
to be about 6.3 nm and the size of these defects 
appears to be very small, probably less than 1 to 
2nm, from the observation that the individual 
defects are indistinguishable in the highly 
magnified electron micrographs. Hence, such a 
weak pinning force is considered to originate from 
the result that the size of lattice defects in the b c c 
phase is smaller than the coherence length and the 
b c c superconductor is homogeneous on the scale 
of coherence length. 

Finally, the superconducting properties and the 
relevant properties are compared between the b c c 
phase and the amorphous phase in the Zr-Si  
alloys as represented in Table I. The 3' and the 
N*(0) values for the b c c  alloy are about 334.0 
J m -3 K -2 and 2.66 x 1042 states cm -3 j-x spin-Z, 

being significantly higher than those of the amor- 
phous alloy. There is a clear tendency that the larger 
the values of 3' and/or N*(0), the higher is T e. 
From this result, the reason why T e is higher 
for the b c c alloy than for the amorphous alloy 
appears to be due to the high values of 3' and/or 
N*(0) for the former alloy. Furthermore, while D 
is higher for the b c c alloy, the other parameters 
of (dHe2/dT):r~, p, ~ar.(0) and K are larger for the 
amorphous alloy. The reason for such differences 
appears to be due to the fact that the degree of 
distortion in the atomic configuration is much 
larger for the amorphous phase than for the b c c 
solid solution. The detailed investigation on the 
atomic configuration in the non-equilibrium b c c 
and amorphous phases will shed some light upon 
the further understanding of the difference in the 
mechanism of superconductivity. 

5. Summary 
Non-equilibrium b c c solid solution exhibiting 

superconductivity and a rather ductile nature was 
found in Zr-Si  system. Specimens were produced 
in the form of a continuous ribbon of about 1 mm 
wide and about 0.02 mm thick by using a rapid 
quenching apparatus designed for high melting 
alloys. The formation of the b cc phase was 
limited to a silicon content between about 8 and 
11 at%. The lattice parameter varies in the range 
from 0.3547nm at 9at% Si to 0.3550nm at 
11 at% Si. Vickers hardness was of the order of 
470 DPN. The b c c alloy had rather good bend 
ductility and the occurrence of cracks was hardly 
observed even after a closely contacted bending 
test. In addition, the b c c solid solution showed a 
superconducting transition. Tc increased with 
decreasing silicon content and reached a maximum 
value of 3.84 K at 8 at% Si. From the variation of 
Tc with silicon content, T c of the hypothetical 
pure b c c zirconium was extrapolated to be 5.3 K. 
The same compositional dependence was recog- 
nized for He2 and Je. The values of He2 and Je for 
Zr92Si8 were of the order of 3.58 x 106 Am -1 at 
2.0K and 3.3 x 106Am -2 at 2.42K in the absence 
of an applied field. The dHe2/dT at T~ and p of the 
b c c superconductor were about -- 1.83 Am-IK  -~ 
and 150 gg2cm. ~ar,(0) and • were estimated to be 
about 6.3 nm and 65, respectively, from the (dHe2/ 
dlr)7, e and p data by using the extend GLAG 
theory and it was therefore concluded that the 
present non-equilibrium b c c solid solutions are 
typical type-II superconductor with a high degree 
of dirtiness. 
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