
Fig. 7. Idealized spec@ heat  curve for Importance of and 
a superconductor with T, z 4.0 K. A 
sign$cant jump occurs at T,. In the ab- 
sence  of a superconducting transition, Obviously,  certain  properties of 

materials in their normal  state  must  lead 
the specfie heat curvefollows the  dashed to the electrons’ their 
line and intercepts the ordinate at y 
Near absolute zero, the lattice contribu- repulsive Coulomb  interaction  to  form 

Cooper  pairs  and  create  the  energy  gap 

heat is due almost entirely to the elec- purely theoretical considerations  have 
go to zero and the A at the  superconducting transition. The 

wons. been studied  extensively and all known 
normal-state  properties of various  super- 
conductors  have  been  compared 
systematically. As a result, workers in 
the field are beginning to  understand 
which properties are  important for 
the   superconduct ing   s ta te .   The  
parameters y and p determined by low- 
temperature specific heat  measurement 
are found to be very  important. 

The  parameter y is proportional to 
N(O), the  number  of electrons at  the 
most highly populated  energy level (the 
Fermi level) in the  normal-state material, 
and  to (1 + X), which  depends on how 

Fig. 8. Measured  values of the spec@ 
heat for the Y,lJr.90 system. Compare 
these  measurements with the idealized 
curve  in Fig. 7. 

strongly the material’s electrons are tied 
to its lattice; it  is given  by 

y = const. x N(0) x (1 + X) . ( 5 )  

The  parameter p is a  measure of  how 
stimy  the  ions  are held  in place in the lat- 
tice by the material’s electronic forces; it 
is given  by 

where 8, is the  characteristic  Debye 
temperature.  The  term 8, was first in- 
troduced in a  model of lattice vibrations 
proposed by Debye in 19 12. The model 
describes the motion of the lattice ions 
by a  superposition of quantized elastic 
waves  propagating  through  the lattice. 
The quanta of elastic waves are called 
phonons. The  Debye  temperature,  which 
is related to  the cut-off frequency, can be 
thought of as  the  temperature  at which 
the lattice forces  responsible for the lat- 
tice stiffness are  too weak to hold the 
ions in their places. Thus lead, a soft 
material, has a low 8, (108 K), whereas 
iron, a  hard material, has a high 8, (464 
K). 
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In  1957  Bardeen,  Cooper,  and 
Schr i e f f e r   deve loped   t he  B C S  
microscopic  theory  of  superconductivity 
and succeeded in relating  T, to y and p. 

kT, = 1.14 R<o> exp  [-l/N(O)V] , (7) 

where h is Planck’s  constant, <a> is 
some  average of the  lattice  phonon  fre- 
quency  related to e,, N(0) is the elec- 
tronic  density of states  at the  Fermi  sur- 
face, and V is the  electron  phonon in- 
teraction  parameter.  On  this  basis  it  was 
assumed  that  materials with high N(0) 
(high y )  and high e, (high p) would be 
high T, materials. 

Solution of the Y-Ir Mystery 

Events  leading to discovery of the 
source of the  enhanced  superconduc- 
tivity in the Y-Ir system  produced  a 
number of false  leads.  They  demonstrate 
why low-temperature specific heat  and 
metallographic  examinations  are  vital to 
any  critical-  study of  superconducting 
materials.  We  had  long  known that  the 
addition of as little as  1 atomic  per  cent 
yttrium to iridium  metal  raises  the  induc- 
tive and resistive T, from  0..1 K to over  3 
K. More recent LASL-UC,  La Jolla, 
studies  showed that the  behavior is 
similar when europium is substituted  for 
the  yttrium;  that is, the  addition of a 
very  small amount of europium  to 
iridium  causes  a  dramatic  increase in the 
T,. This new result  rekindled  interest jn 
both  the  Eu-Ir  and  Y-Ir  systems. We 
chose  the  Y-Ir  system  for a complete 
study of this  novel  effect  because  of  the 
apparent  absence of significant  second 
phase  for  compositions  as  rich in yttrium 
as 10  atomic per cent and the  absence of 
superconductivity in YIr,, above 0.3 K. 

We remeasured  Y-Ir  compositions 
from  Y.olIr.99 to YIr, using the ac 
susceptibility  method.  The  signal 
magnitude in these  measurements  first 
increased with increasing  yttrium  con- 
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centration,  reaching  a  maximum value 
near  the  Y,,oIr.80  composition  and  then 
decreased,  becoming  zero at the YIr, 
composition.  The  same  results  had been 
obtained in the  earlier  investigation  and 
no  doubt led to  the  suggestion that the 

-superconductivity is due  to the  presence 
of  a  hypothetical  phase of approximate 
YIr, composition. To investigate  this 
possibility, we took new x-ray  diffraction 
patterns of powdered  samples of the 
same  compositions using a  Debye- 
Scherrer  x-ray  technique.  The  x-ray 
results  indicated that  no diffraction  lines 
corresponding to a  second  phase were 
present in compositions  up to 10 atomic 
per cent  yttrium.  The  materials  have  a 
single-phase  cubic  structure with a 
relatively  constant  lattice  parameter a, = 
3.8395 A, where a, is  the  distance be- 
tween lattice  sites.  This  structure, which 
is  identical to  and slightly larger  than 
pure  iridium (a, = 3.8389 A), indicates 
that  at most 1 atomic per cent  yttrium is 
absorbed  into  the  iridium  lattice.  The 
location of the  remaining  yttrium  (up to 
9  atomic per cent)  remained  a  mystery. 

We measured  the  low-temperature 
specific heats of the  samples to deter- 
mine how  much of each  sample  was 
superconducting.  Actual  measurements 
for  the  Y.loIr.90  system are shown in Fig. 
8. The size of the specific heat  discon- 
tinuity at T, indicated  the following per- 
centages. 

measurements  and  indicate  that  the 
superconductivity is indeed due to  a bulk 
superconductor whose concentration in- 
creases  as  the  yttrium  content  increases. 
The  low-temperature  specific  heat 
measurements  also  gave very valuable 
information  on  the  parameters N(0) and 
e,. As shown in Fig. 9,  the  value of y, 
which  is proportional to N(O), remains 
almost  unchanged  through  most  of  the 
range, while the  value of e,, which is in- 
versely proportional  to p, undergoes  an 
enormous  reduction. 

Fig. 9. Measured  values of the  Debye 
temperature 8 ,  and the electronic 
speciJc  heat parameter y are  shown for 
various  compositions  in  the Y-Ir system. 
The  electronic  specific  heat  remains 

fairly constant,  whereas the 
Debye  temperature falls 
rapidly to a minimum  and 
rises  again as more yttrium 
is added to the  iridium. 

These  results  are  similar to  the results 
observed in  t-he ac  susceptibility 
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Fig. 10. Metallographic  photographs of the  various Y-Ir system compositions.  The  eutectic is visible in all four photographs as 
the darker regions. At left, this page (Ya51r.95), the  light areas are pure iridium. As more yttrium is added to the  system [at 
right (Y.2aIr.8J, the  amount of eutectic  increases:  the  light areas are probably  pure iridium  but  the precise ident@cation  has 
not  been made. 

The x-ray diffraction studies  indicated 
that in compositions up  to 10 atomic per 
cent  yttrium  only one phase appeared  to 
be present, a cubic  lattice of iridium con- 
taining less than 1 atomic per cent yt- 
trium.  At  this point, we  believed that the 
iridium cubic  phase  was  the  supercon- 
ductor, but two questions remained un- 
answered. Why  do  increases in the yt- 
trium  concentration cause  increases in 
the  amount  of superconducting  phase, 
and where is the excess yttrium  located? 
The excess yttrium neither enters  the 
iridium lattice  nor  forms  enough of a 
second phase  to  account for more than a 
small fraction of the yttrium present. The 
mystery of the missing yttrium  was 
s o l v e d   w h e n   w e   e x a m i n e d   t h e  
microstructure of the samples using con- 
ventional optical  metallography and 
transmission  electron  microscopy. 
Microscopic  examination showed that a 
fine-grained eutectic (Fig. IO) was pre- 
sent in  all samples  and that  the  amount 
of the  eutectic  increased in direct  propor- 
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tion to  the  increase in the  amount of bulk 
superconductor  as determined by the 
low-temperature specific heat  measure- 
m e n t s .   T h e   x - r a y   r e s u l t s ,   t h e  
metallographic  data,  and  the low- 
temperature specific heat  measurements 
allow no other conclusion. The bulk 
e n h a n c e d   s u p e r c o n d u c t i v i t y   i s  
associated with the eutectic and results 
from the  extreme  decrease in the lattice 
stiffness. The failure of  the  x-ray diffrac- 
tion studies to  detect  the eutectic is sur- 
prising; it suggests that  the  structure 
must  consist  of  extremely  small 
crystallites. 

Search for High-Temperature Super- 
conductors 

The search  for  methods to produce 
higher T, materials has been the subject 
of innumerable investigations ever since 
superconductivity  was first observed. It 
has  taken  such widely  different ap- 
proaches as  the  attempts of  Little (1964) 

to produce  superconducting polymers, 
the studies of Abeles and  coworkers 
(1966) on the effect  of granular  material 
on T,, and  the suggestion of Ginzburg 
(1 968) on raising T, by the  formation of 
metal-dielectric  sandwiches.  Unfor- 
tunately,  to  date essentially no success 
has resulted from all these attempts. 

With the development of the BCS 
theory, T, was related to OD, N(O), and 
V, the  electron-phonon  interaction 
parameter, as shown in Eq. (7). On this 
basis, a material with  high OD, N(O), and 
V values should have a high T,. Unfor- 
tunately, V is  not  known  for  most 
materials and cannot be determined 
from other parameters.  When V was 
ignored, it appeared that  materials with 
high 9, and N(0) values would  be high- 
temperature  superconductors. Limited 
success was achieved in relating high 
N(0) values to high T,. The dependence 
of T, on 9, appears  to be much more 
complex. We find many examples that 
support a correlation between  high T, 
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With hrther increase of yttrium [at It$, this page (y.251r.73] the  amount of eutectic  begins to decrease:  the  light areas  are 
probably YIr2.  At the  right (Y.301r.,J, the eutectic, the h r k  bubble-like structures, has  almost disappeared, The lighter areas 
are YIr2. The  amounl of eutectic for each  composition is  proportional to the  percentage of material  that is superconducting as 
measured by specific  heat  measurements. (ImX) Metallography  by  Ramiro A. Pereysa. 

and high 8, and  many  that  contradict it. 
Technetium (6, = 454 K) has  a T, of 8.9 
K, whereas  thallium (e, = 78 K) has  a 
T,  of 2.4 K. On  the  other  hand, osmium 
(8, = 500 K) has a T,  of only 0.66 K, 

"whereas  lead (8, = 108 K) has  a T,  of 
7.2 K. The  present belief is that  the 
electron-phonon  interaction  parameter V 
and  the  Debye  temperature 8, are in- 
terrelated: V varies inversely  with 9,. 
The  dependence of V on 8, is not sur- 
prising since the  electron-phonon in- 
teraction  obviously varies with the  lattice 
phonon  frequency  spectrum.  Thus 
superconductivity  should be favored in 
materials  with high N(0) and/or low 9, 
values. 

Other investigators have  observed T, 
enhancement,  but never to  the  extent 
found in the  Y-Ir  system.  Some  enhance- 
ment occurs in dilute alloys of titanium, 
zirconium, or hafnium with the  transi- 
tion metals of groups V to VIII. Of par- 
ticular interest is the investigation of the 
Ti-Mo  system  by  Collings  and Ho 
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(1969).  They  found that  the T, of the a' 
phase  increased  gradually  from 1.5 to  6 
K as  the  molybdenum  concentration  was 
increased  up to 4.5 atomic  per cent. 
Low-temperature specific heat  measure- 
ments  indicated an increase in y and a 
decrease in e,, whereas  metallographic 
examination  showed that  a  hexagond- 
close-packed  martensitic  structure  was 
forming.  Because the increase in y and, 
therefore, in N(0) was  not sufficient to 
explain  the  increase in  T,, part of the 
enhancement  was  attributed  to  the lattice 
softening  shown by the drop in 0,. 
However, since both y and 8, were 
changing,  the  cause of the T, enhance- 
ment  was unclear. 

In  the  Y-Ir  system the situation is 
more  straightforward.  Because y 
remained essentially unchanged while 8, 
decreased, we can  attribute  the  30-fold 
increase in  T, directly to the modifica- 
tion  of the lattice vibrations in the  eutec- 
tic as  compared  to  the vibrations in the 
iridium. This is the first documented  case 

of a  system  where the effects of 9, and 
N(0) can be separated clearly and  the 
enhanced T, can be  linked directly to the 
change in the lattice vibrations. Chang- 
ing the lattice vibrations  has  been  an- 
ticipated theoretically as  a means to 
enhance  superconductivity.  However, 
the experimental  search involved making 
tiny spheres. The belief was that the 
vibration  patterns  of  only  a few hundred 
atoms would  be  severely altered com- 
pared to  the  vibration  patterns of the 
same  atoms  located in an essentially in- 
finite matrix of the  same material. The 
alteration should result in a  dramatic 
change in the  Debye  temperature, 
similar to  the  change  observed in the 
eutectic. Although it is mere  speculation 
at this time, the possibility that the eutec- 
tic in the Y-Ir  system is made up  of tiny 
regions of well-ordered  atoms that  are 
only slightly affected by the  neighboring 
regions  should be considered. If that is 
so. then  the eutectic may well be a bulk 
form of an  ensemble of small particles. 
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Fig. 11. The  variation in T, as  a  function of e/a  for amorphous 4d transition  metal 
alloys is shown  by  the solid line.  The  corresponding data for  the  same  materials 
prepared% crystalline form are  shown by the  dashed  curve.  The  distinct peaks  for the 
crystalline materials have  been  broadened  by preparing the materials in  an  amorphous 
state. The  electronic  levels appear to be blurred by the  breakup of the  crystalline struc- 
ture. 

Many  implications now can be  in- 
vestigated. Within the field  of supercon- 
ductivity, the most  obvious  impact  may 
be on  amorphous materials. By defini- 
tion, amorphous  materials  are disor- 
dered  and noncrystalline; therefore their 
properties should be unaltered  by radia- 
tion damage.  Amorphous  superconduc- 
tors have been studied extensively as 
candidate  materials for superconducting 
magnets in magnetic  fusion  reactors. 
Unfortunately,  amorphous  materials 
have low T,. However, eutectics with 
high T, and  extremely  small crystalline 
structures  should  exhibit  similar 
resistance to radiation damage  and 
should be useful in magnetic  fusion  ap- 
plications. 

Our work  on eutectics suggests why 
amorphous  materials  have low T,. 
Figure 2 shows the relationship between 
T, and the e/a  ratio for materials in 
crystalline  form.  When  Matthias 
searched  among  the  known  supercon- 
ductors for a relationship between T, 
and  the  ela ratio, he found  two sharp 
peaks in the T, curve at  e/a  ratios of 4.7 
and 6.5 with sharp minimums between 
the  peaks.  These variations reflect the 
variation of N(0) in the  elements -and 
alloys across  the periodic table. When 
Colver  and  Hammond (1973) prepared 
the  same  materials in the  amorphous 
state,  they  found the peaks simply 
broadened. That is, the  high T, values 
were  lowered  and the low values were  in- 
creased (Fig. 11). The  simplest  explana- 
tion  of this result is that  the  sharp max- 
ima in N(0) at certain compositions are 
blurred by the  microscopic, liquid-like 
randomness of the  atoms. To achieve 
high T, in alloys, the N(0) blurring must 
be avoided.  The eutectic may be the 
method of accomplishing this. The 
microscopic  structure of many eutectics 
can be changed  dramatically by varying 
their solidification conditions. Their par- 
ticle size varies strongly with  cooling 
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rates  and  approaches  the  amorphous 
state with very  rapid  quenches.  These 
changes in structure  cause  changes in 
many of the  magnetic,  mechanical,  op- 
tical, and  thermal properties. As has 
been demonstrated in the  Y-Ir  system, it 
should be possible to  prepare eutectics 
with regions of cry$allinity large enough 
to keep  the N(0) large  and  sharp,  but 
small  enough to  ensure  that  the  Debye 
temperatures  are  lowered  dramatically. 
Such  preparations  could  lead to much 
higher T, materials  and  provide  a 
tremendous  impetus  to  the  widespread 
application  of  superconductivity. 

Understanding Eutectics 

The results of the present  study  may 
prove to be  even more  important  outside 
the field of superconductivity.  In 
metallurgy,  eutectics  have  been  known 
and  studied for a  long  time  without real 
progress in understanding when they  oc- 
cur  and why  they  have  such altered 
properties. The lowering of a melting 
point by  mixing one  substance with 
another  has  been  known  for  a  long 
time-but not  understood. No theory  or 
even hypothesis will predict the oc- 
currence of eutectics. Now,  the  enhance- 
ment  of T, for  the first time  opens the 
way to a basic  understanding of eutec- 
tics. We  now realize that lattice softening 
goes  hand in hand with the  melting  point 
minimum in the eutectics. We now  have 
an  important new piece in the puzzle  of 
eutectic behavior. 

The world has relied on eutectics for a 
long time, from getting rid of ice with 
salt  to making soft solder, and from 
welding, to alkaline liquid coolants in 
reactors. Finally, some  understanding is 
on  the  way; with it comes  the'possibility 
of   progress   toward  higher  T,, 
technologically  more useful supercon- 
ductors,  and  perhaps eventually  a better 
Understanding of many metallic alloys. 
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