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PROPERTIES OF AMORPHOUS AND MICROCRYSTALLINE SUPERCONDUCTORS" 
W. L.  Johnson  and S. J. Poont 

ABSTRACT 

Results of x-ray  diffraction,  electrical  resistiv- 
ity, critical  field(HCz)  and  transport  measurements 
are  presented  and  dlscussed  for  bulk  amorphous  and 
microcrystalline  transition  metal  alloys  obtained  by 
liquid  quenching.  The  transition  temperature of the 
alloys is in  the  range 1.5 to 4.7'K. It is observed 
that Jc -HCz -Tc  relations  are  rather  simple  for  this 
class of material .   These  relations  are  compared 
with  the  theories of type I1 superconductors  where- 
ever  possible.  The  high  resistance of bulk metallic 
glass  to  radiation  damage  might  render  them  suitable 
for  magnetic  field  applications  in  high  radiation  envi- 
ronments. 

INTRODUCTION 

Superconductivity  in  amorphous  and  highly  dis- 
ordered  thin films obtained by va or  quenching  have 
been  reported  in  the  literature?-'  Recently, we have 
prepared  bulk  amorphous  Au-La,  and  microcrystal- 
line Nb-Ni,  Nb-Rh  and Pd-Zr  superconducting  alloys 
by the  method of liquid q~enching .~   These   a l loys  
are  stable  at  room  temperature  and  have a density 
comparable  to  that of the  corresponding  equilibrium 
crystalline  alloys.' We have  studied  the  structure. 
electrical  resistivity,  upper  critical  magnetic  field 
Hcz and  transport  properties of the  alloys  and  inves- 
tigated  the  possibility of obtaining  high Tc  amorphous 
superconductors  for  technical  applications. 

ALLOY PREPARATION AND STRUCTURE 

The  detailed  preparation  procedures of alloys 
have  been  given  in  reference 6.  The  composition 
ranges  for  amorphous  and  microcrystalline  phases 
a r e  given  in  reference 4 and 6. Results of x-ray 
diffraction  studies show broad  diffuse  bands. A 
summary of x-ray  diffraction  results of these  phases 
is given  in  Table I, The nearest  neighbor  distance 

TABLE  I.  Summary of X-ray  Diffraction  Results 

Alloy  Nearest  Effective 
Neighbors  Microcrystal  Size (4) 
Distance&) 

~~ 

6 3.55 17.5 
m0 B R h Q 2  2.73 24 
Nb,,NilORh,, 2.66 18 
NbOO Ni4 0 2.66 20 
Pd, 0 z '70 3.00 27 

(NND) and  the effective  microcrystal  size (peff)  were 
calculated  from  the  Debye  formula  and  the  Sherrer 
formula  respectively. The effective  microcrystal 
size  ranges  from  4.9  to 9 NND. Previously 
reported  amorphous  metal  alloys  obtained  by  liquid 
quenching  can  all  be  characterized by peff ranging 
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from  4-5.5 NND.7 When peff exceeds - 6 NND, it is 
no longer  clear  that  the  term  "amorphous'l is appro- 
priate  for  describing  the  structure of the  phase. 
Using  this  rather  arbitrary  cri teria  implies  that  of 
the  alloys  studied, only  Au-La  alloys  can be de- 
scribed  as  amorphous  while  the  rest  of the  alloys 
should  appropriately  be  described  as  microcrystal- 
line, 

Annealing  the  Au-La  amorphous  alloy,  and  the 
Nb-Ni,  Nb-Rh  and Pd-Zr  microcrystalline  alloys  for 
periods of the order of 24 hours  at  100°C, 6OO0C, 
65OoC and 300'C respectively  results in  the  decom- 
position  into  more  stable  crystalline  phases. 

ELECTRICAL  PROPERTIES 

The  resistivity p (T)  for  amorphous  AuZ4La, and 
microcrystalline JXb,,Rh,, together  with  that of 
crystalline  samples  are  presented in Figures 1 (a) 
and  Z(a)  respectively.  The  crystalline  samples  were 
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F i g .  1. Results of electrical  resistivity,  critical 
magnetic  field  and  transport  properties  measure- 
ments  for  (I)  amorphous  and (11) highly  crystallized 
Au;, La,, alloys. 

prepared  by Liquid quenching  the  alloys  at a slower 
cooling  rate. The alloys  listed  in  Table I can  all  be 
characterized by a well  defined  Tc  with a transition 
width ATc Less than0.4'K.  The T for and 
Pd,, Zr,  were found to be 1.5'K ahd 2.8'K respec- 
tively.  Detailed  results of electrical  resistivity 
measurements  for  amorphous  Au-La  alloys  can  be 
found in  reference 6.  The  residual  resistivity p 
measured  at  lOoK and  the  temperature  coefficien? of 
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is the  digamma  function.  This  expression  reduces  to 

TEMPERATURE ( O K )  TEMPERATURE (OK)  

"1 (Jc< IOA/cm2) (C) 

L I  
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F i g .  2. Results of electrical  resistivity,  critical 
magnetic  field  and  transport  properties  measure- 
ments  for ( I )  microcrystal l ine  Nb8Rbz  a l loy.  
Result of electrical   resist ivity  measurement  for (11) 
highly  crystallized Nb,,Rh,, alloy is also  included  in 
(a). 

resist ivity l / p  x dp(T)/dT  for  the alloys  studied 
a r e  - l o 4  SlctnOand - /OK respectively  charac- 
ter is t ic  of a glassy  metal. A change  in  sign  in  the 
temperature  coefficient of resist ivity as a function of 
composition  was  also  observed  for  amorphous  Au-La 
alloys.  This  effect  has  been  discussed  in  terms of 
structural  scattering of electrons  for  glassy  metals 
in  the  literature.* 

CRITICAL  MAGNETIC FIELD AND TRANSPORT 
PROPERTIES 

The  magnetic  properties  and  the  characteristic 
intr insic   parameters  5 (coherence  length), X (pene- 
tration  depth)  and t (electronic  mean  free  path) of 
amorphous  Au-La  alloys  are  discussed  in  reference' 6, 
along  with  type I1 behavior of the  alloys  characterized 
by a very  large  Ginzburg-Landau  parameter K - 70. 
A similar argument  based on measured  residual 
resistivity  and  critical  field H (T) leads  to  the  con- 
clusion  that  comparable  values of IC can  be  used  to 
character ize  the  microcrystalline  alloys.  The 
H (T)  curves  for  amorphous Au,La,, and  micro- 
c;?stalline Nb,  8Rh,z. are sh.own in  Figures  l(c)  and 
2(c)  respectively.  Lmear  behavior  was  observed in 
the  amorphous  and  microcrystalline  samples  through- 
out  the measured  ranges of temperature 
(0.5 Tc 5 T < TI. ) and  magnetic  fields (5 44kG).  This 
behavior is appa%ently  general  for  this  class of 
materials.  The  dashed  lines  in  Figure  l(c)  were ob- 
tained b y  fitting  the  data  to the  Maki  Theoryg  using 
the  relation 

C2 

for t - 1. 
F r o m  ( 2 ) ,  we  obtain  an  expression  for  the  gradient of 

Hc2 
a t  t = 1. 

4k, c 

Expressions (2) and  (3)  should be valid  for  the  present 
case  where t << so. Linearity of H (T)  for  the 
amorphous  samples  extends  to  lower  temperatures 
than  predicted by  equation (1). For  the  disordered 
crystalline  sample,  equation (1) predicts a lar e r  
Hcz (T)  than  observed  for  Hc2(T)  below T 2 .5  K.  
Werthamer''  has  extended  equation (1) t o  include 
both  the  paramagnetic and spin-orbit  scattering 
effects.  The  spin-orbit  scattering  effect  has  been 
used  to  explain  the  linearity of H (T)  over a wide 
temperature  range  observed  for  hlghly  disordered 
thin  films."  It is interesting  to  note  that  the  spin- 
orbit  scattering  effect  is  apparently  more  pronounced 
in  amorphous  alloys  than  disordered  crystalline 
alloys. 

Using  the  observed  values of (-dH  (T)/dT)T=Tc 
and  equation  (3), one can  calculate  the  electronic 
diffusivity D for  the  alloys.  Results of critical  field 
gradient and electronic  diffusivity  as a function of 
nearest  neighbor  distance  are  shown  in  Figure 3. A 

cz 

C? 

c2 

\ 0 DlFFUSlVlTY I 

I I I 1 
2.6 3.0 3.4 3a 

NEAREST NEIGHBOR DISTANCE (8) 
F i g .  3. Critical  field  gradient  for  amorphous 
A%&La,, , microcrystalline Nb,.Nil,Rh,,.,  i%58R&2 
and Pd, Zr,, alloys as a function of nearest  neighbors 
distance.  Electronic  diffusivity  for  the  same  alloys 
as a function of NND is  also  presented. 

nearly  linear  relation  between D and NND is observed. 
A straight  line of the  form D Z 0.134 NND is obtained 
by  using  the  least  square  fit.   It  has  been  suggested 
in  reference 4 that  this is related to  the  degree of 
localization of d-electron bonding states.  It  is  worth 
noting  that  the  largest  gradient (dH (T)/dT)rZT 

c2 C 

obtainable  in  the  amorphous  or  microcrystalline 
alloys  based on Figure 3 would be of the  order of 
36 kG/'K taking a minimum NND to be - 2.41. 
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Incidentally,  the  gradient  2bserved  in  thin  films of 
NbNll  (Tc = 15.5'K, p o  = 2.5 x   ncm)  has a 
value of 34.8kG/'K  corresponding  to  a NND of - 2.358,. 

Critical  current  density  measurements J (T) and 
Jc(H)  for  amorphous A U , ~  La,, and  microcr$talline 
Nb,,Rh,, a r e  shown  in  Figures  l(b),  (d)  and  2(b),  (d) 
respectively.  The  Jc(H)  curve  for  crystallized 
sample of Au,,LaVe  quenched  at  a  slower  cooling 
rate  is also  shown  in  Figure  l(d).  The  behavior of 
Jc(T)  was found to be l inear  for both  alloys  over  the 
temperature  range  investigated.  The  maximum 
measured Jc (at T - 2'K and  H = 0 are  about 
l o 4  A/cm2  for  amorphous  A%&La,,  and 
3 x IO4 A/cm2  for  microcrystalline Nb,,R&,. Fo r  
the  amorphous and microcrystalline  samples,  Jc(H) 
goes  approximately  like  H-l  characteristic of an 
ideal  type I1 superconductor. When the  lattice of a 
superconductor is disordered on a  scale  much 
smaller  than  the  coherence  length 5 so that  there 
a r e  no  favorable  centers  for flux pinning,  the 
behavior of J (H) is expected  to be governed by the 
Lorentz  forcg of magnitude  Jc(T)Hca (9) = % ( T ) l a  
where CY (T) is a  temperature  dependent  constant. 
Such  a  relation is observed  in  the  Figures. By 
comparison,  the  partially  crystallized  sample of 
A u ,  La,,  exhibits  noticeable f l u x  pinning  behavior. 

TECHNICAL APPLICATIONS 

The  factors  which  determine  the  usefulness of a 
bulk ductile  superconductor are: 
(1)  The  value of the  upper  critical  field  gradient 
(-dHc2(T)/dT)T-T and  the  behavior of H C2 (TI. 

(2)  The  transition  temperature T 
(3)  The  behavior of J (H) at  constant  temperature. 
We have  already  estimated  that  the  maximum  upper 
critical  field  gradient  obtainable is - 36kG/'K and 
the  linearity of Hc2(T) is a  common  property of this 
class of material.  It  has  been  pointed out in  ref- 
erenc.e'  4  that  the  maximum T is limited  to 5 10' K .  
We have  observed  a  hyperbolic  relation  between Jc 
and H which is   character is t ic  of an  ideal  type I1 
superconductor.  The  absence of flux  pinning  center 
leads  to  a  rather low J for  large  H.  In  order  to 
improve  the Jc (H) behzfvior% for  applications,  one 
might  introduce f l u x  pinning centers  by  partially 
crystallizing  the  amorphous  phase.  Finally,  the 
superconducting  properties of this  class of mater ia l  
a r e  expected  to be insensitive  to  radiation  (e. g.  
neutron  irradiation)  as  shown by radiation  experi- 
ments on amorphous  Pd-Si  al10ys.l~ 

C 

C. 

CONCLUSION 

Amorphous  and  microcrystalline bulk super- 
conductors  have  been  obtained by liquid  quenching. 
It  has  been  observed  that  Tc-Jc-H  relations  for 
this  class of mater ia l   are   ra ther   s lmple  (e i ther  
hyperbolic  or  linear).  Further  investigation of this 
class of alloys  is  necessary  to  understand  their 
physical  properties in more  detail.  
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