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ABSTRACT 

~ u ~ e r c o n d u c t i v i t ~  of copper containing smal l  amounts  of nio'bium has  

been investigated by measur ing  the e l ec t r i ca l  res is t iv i ty ,  superconducting 

volume fract ion and 'by metallographic s tudies  . Small  amounts  of niobium 

added to  copper .has  a d r a s t i c  effect  on the low tempera ture  res is t iv i ty  of the 

al loys.  The anne'aled alloy Cu 
99. 5Nb0. 5 

shows z e r o  res i s tance  a t  a cu r r en t  

density of 200 a / c m 2  below 3OK. The es t imated superconducting volume 

fract ion of th is  alloy a t  2OK is abou't 50 t imes  the physical volume f rac t ion  

of the Nb in the alloy. When m o r e  Nb i s  added these  effects unexpectedly 

become much sma l l e r  than those observed in the dilute al loys (<1:5at.70 Nb). 

Metallographic resu l t s  indicate that  in a i l  the Cu-Nb alloys s t u d i e d t h e r e  a r e  

two dist inct  types of Nb par t ic les  in the Cu mat r ix .  The l a rge  par t ic les  ( ave r -  

age s i ze  -- 10 pm) randomly distri 'buted in the alloy a r e  pro'bably formed a t  

high tempera ture  when the 'bulk of the alloy i s  s t i l l  in the liquid s ta te .  The 

sma l l  Nb par t ic les  ( s i ze  2 1 p,m, in te rpar t ic le  dis tances  < 0.2 pm) probably 

f o r m  through a solid s ta te  precipitat ion.  It ha s  been found that  the l a rge  p r e -  

c ipi ta tes  a r e  m o r e  abundant in the alloy containing m o r e  than 1 .5  at .  % Nb, 
. 

than in al loys containing l e s s  than 1.5 at.70 Nb. The observed superconducting 

proper t ies  of al loys Cu 99. gNbO. 2 and Cu 
Nb have been attr ibuted t o  the 

99.5 0 .5  

proximity effect  of the s m a l l  Nb par t ic les  whose in te rpar t ic le  dis tances  a r e  

compatible with the coherence length in  the Cu mat r ix .  The ve ry  wide super -  

conducting t r sno i t i o i~  shown in both the res is t iv i ty  and the inductance measu re -  

ments  suggests  a distr ibution in  the  Nb par t ic le  s i z e s  a s  well  a s  in the in te r -  

"& part ic le  dis tances .  



I. INTRODUCTION 

I t  i s  well established exper imental ly  that  pure  copper does not become 

a superconductor even a t  the mil l idegree t empera tu re  range.  ' However if 

high purity copper i s  mel ted in a niobium crucible under a hel ium a tmosphere ,  

the result ing Cu ingot exhibits evidence of superconductivity2 a t  about 6 to  ~ O K .  

The evidence consisted of observing both the pers i s ten t  cu r r en t  a t  a cu r r en t  

density about 5 ~ / c m ~  and the flux quantization, using a Nb-contaminated Cu 

a s  p a r t  of a superconducting ring. I t  was uncertain,  however,  that  the ob- 

se rved  superconductivity was a bulk effect ( i .e .  a p roper ty  of the Cu-Nb solid 

solution) o r  was due to  the presence  of niobium-rich f i laments  in 2 Cu mat r ix .  

The purpose of the presen t  study i s  to  c la r i fy  the nature  of the superconduc- 

tivity observed in the Cu-Nb alloys.  A sys temat ic  study of Cu-Nb al loys  of 

var ious  compositions was performed by measur ing  the res is t iv i ty  and the 

superconducting t ransi t ion t empera tu re  (inductive method). The s t ruc tu re s  

of some alloys,  a f te r  var ious  heat  t rea tments  we re  examined metallographically.  

I .  EXPERIMENTAL PROCE,DURE 

Alloys of composit ions C U ~ ~ ~ , ~  Nbx in  which x= 0.1, 0.2, 0.5, 1.5, 3.0 

and 5.0 were  prepared  by induction melting of the .appropr%ate quanti t ies of the 

constituents (99.999% pure  Cu and 99.9870-pure Nb) in g lassy  carbon crucible  

under an argon atmosphere .  The alloys w e r e  then cooled slowly in the crucible.  

The weight l o s s e s  were  l e s s  than 0.270 and the rlur~linal composit ions of the a l loys  

were  taken a s  the actual  ones. After  melting, t he re  was a s i l ve ry  coating on 

the ingot which was removed by boiling H2S04 . The ingot was r.olled into an  



approximately rectangular rod with a 2570 reduction in c r o s s  section a rea .  

Then i t  was cut into two pieces which were machined into 2 x 20mm rods.  

These two rods were  designated a s  specimens I and 11. 

Specimen I was etched in dilute ni t r ic  acid to reduce i ts  diameter  to l e s s  

than 1 mm. I t s  e lectr ical  resistivity a s  a function of temperature was measur -  

ed by using a standard four-probe technique a t  a cur rent  density of about 

200 ~ / c m 2 .  The superconducting transit ion t emperature of the same sample 

was a l so  measured by a standard a c  inductance Wheatstone bridge using a' 

PAR lock-in amplifier to detect the imbalance of the bridge. With the lock-in 

amplifier operating in a l inear region, it was found that the bridge output i s  

proportional to  the volume of a given superconductor. Based on this fact, the 

inductance measurement  was used to roughly est imate the volume fraction of 

the sample f rom which the flux i s  excluded (hereaf ter  called superconducting 

volume fraction) by monitoring the amplitude change of the output of the lock- 

in amplifier in the bridge circuit .  This was done by attaching a smal l  piece 

of pure Nb of known weight (-10 mg) to  the Cu-Nb sample and measuring the 

inductance change a s  a function of temperature.  F r o m  the weight of the Nb 

and that of the Cu-Nb sample and f rom the'changes of the bridge output a t  

the superconducting transit ion tempera tures  of both the standard Nb and 

the specimen, the superconducting volume fraction (SVF) of the Cu-Nb alloy 

can be estimated within 1070. 



The rod designated a s  specimen I1 was  annealed a t  8 0 0 ~ ~  f o r  about 

two days-, and i t s  d i ame te r  was reduced by etching. The res is t iv i ty  and the 
. . 

superconducting t ransi t ion t empera tu re  w e r e  then measu red  a s  fo r  specimen 

I. The same  samples  were  then examined under the optical microscope .  

F o r  the purpose of comparison,  metal lographic  study was a l s o  per formed on 

two alloys (0.5 and 3.070 .Nb) in  the a s  ca s t  condition. 

111. RESULTS 

0 
The values  of the res is t iv i ty  (normal ized to those a t  15 K) a r e  p re -  

sented in Fig.  1 to 4 a s  a function of t empera tu re  and composition. The resu l t s  

fo r  the as - ro l led  samples  (specimen I )  a r e  shown in Fig.  1 and 2 and those f o r  

the annealed ones (specimen 11) in Fig.  3 and 4. I t  i s  remarkable  that, a t  a 

cu r r en t  density of about 200 ~ l c m '  the annealed Cu 99 gNbO. 2 and Cu 
Nb 

. 9 9 . 5  0 .5  
0 show no e lec t r ica l  res i s tance  below 3 K. By no res i s tance  it i s  meant  that  the 

- 8 
potential d rop  a c r o s s  a rod -- 10 x 0.5mm i s  l e s s  than 10 volts a t  a cu r r en t  

of O.5A. 

The superconducting volume fraction a s  a function of t empera tu re  can 

be es t imated f r o m  the inductance change of samples  and the cali'bration pro-  

cedure  descr ibed  in section 11. The resu l t s  of such measure .ments  a r e  shown 

in Fig.. 5-8 fo r  the a s  rolled and annealed alloys.  , F r o m  the r e su l t s  shown in 

Fig.  1-8 and the mic ros t ruc tu re s  shown in Fig.  9, the following observations 

can be made: 

1. Smal l  amdunts of niobium added to  copper h a s  a d r a s t i c  effect  on 

the low t empera tu re  res is t iv i ty  of the al loys a t  a cu r r en t  density of about 

2 Nb w i t h x = 0 . 1 ,  200 A / c m  . F o r  the '  low concentrations,  such a s  CulO0-, ,, 



Fig. 1. 

2.0 4.0 6.0 8.0 10.0 . 12.0 

TEMPERATURE T ( O K )  

Resistance rat io  R(T) /R(T = 1 5 ' ~ )  a.s a function of tern- 

pera ture  for  copper alloys containing 0. 1, 0.2, and .0.5 

a t  .TO N b  a s  rolled. 



TEMPERATURE T ( O K )  

0 
F i g .  2. Resistance ratio R(T) /R(T = 15 K )  a s  a function of t e n -  

pera ture  fo r  copp.er alloys containing 1.5, 3.  0, and 5. 0 

a t  .'To N b  a s  rolled. 



Fig. 3. 

TEMPERATURE T ( O K )  

Resistance rat io  R(T)/R(T = 1 5 ' ~ )  a s  a function of tern- 

perature for copper alloys containing 0, 1, 0.2 and 0. 5 

at . Oib N b  after annealing. 



2 .O 4 .O 6 .O 8 .O 10.0 12.0 

TEMPERATURE T ( O K )  

Fig; '4. Resistance ratio R(T)/R(T = 1 5 ' ~ )  a s  a function of tern-' 

perature for copper alloys containing 1. 5, 3. 0 and 5. 0 

a t  . OJo N b  after annealing. 



Fig. 5. 
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2.0 4.0 6.0 8.0 

TEMPERATURE ( O K )  

Estimated superconducting volume fraction a s  a function 

of temperature for copper alloys containing 0.2, 0. 5 and 

1. 5 a t  . '70 N b  a s  rolled. 
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2.0 4.0 6.0 8.0 
TEMPERATURE ( O K )  

Fig. 6. Estimated sup'erconducting volume fraction a s  a function 

of temperature for copper alloys containing 3. 0 and 5. 0 

a t  . '7'0 N b  a s  rolled. 



Fig. 7. Estimated super conducting volume fraction a s  a function 
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Fig. 8. 

TEMPERATURE (OM) 

Estimated super conducting volume fraction a s  a function 

of temperature for copper alloys containing 1.5, 3, 0 and 

5. 0 at . % N b  after  annealing. 



O at . % Nb after annealing. 

~. 
. .  . ~ 

. ~. - .  - .  

-:, - : . , . - : - i ,  - ,  .' . 



. . - 14- 

0 . 2  and 0 .5 ,  the low t empe ra tu r e  res i s t iv i ty  f o r  T < 15OK ins tead of being 

constant  a s  that  of p r e  copper  d e c r e a s e s  with dec r ea s ing  t empe ra tu r e  s t a r t -  

ing a t  about 8OK (F ig .  1). Th is  effect  becomes  m o r e  pronounced with in-  

c reas ing  Nb concentrat ion.  At ~ O K ,  the res i s t iv i ty  of the al loy Cu  Nb 
99.5 0 . 5  

is reduced t o  about 470 of the res i s t iv i ty  a t  1 5 ' ~ .  Th is  t r end  is in te r rup ted  . 

a s  m o r e  niobium is added.  t o  copper .  F o r  a l loys  with re la t ively  high niobium 

content, the res i s t iv i ty  a s  a function of t e m p e r a t u r e  f i r s t  shows a s h a r p  d r o p  

0 a t  about 9 K, then continues t o  d e c r e a s e  with dec r ea s ing  t empe ra tu r e .  The 

data  p resen ted  in F ig .  2 indicatethat the res i s t iv i ty  of the a l loys  Cu  98. gNbl .  5 
0 and Cu 

95. oNb5. 0 
is nea r l y  z e r o  a t  2 K. The al loy Cu 97 oN'b3. exhibi ts  a 

re la t ively  high res i s t iv i ty  a t  2 ' ~  (-- 30% of the res i s t iv i ty  a t  15OK). Th i s  in- 

d ica tes  that  the e f fec t  of adding Nb in  Cu  on . r e s i s t i v i t y  of the a l loys  does  not 

depend l inear ly  on concentrat ion.  

2. The  effect  of annealing a t  8 0 0 ~ ~  for  -- 2 days  on res i s t iv i ty  is shown . 

in F ig s .  3 and 4. F o r  the m o s t  di lute a l loy stgdied in th i s  investigation,  i . e .  

Cu Nb 0 annealing reduces  the res i s t iv i ty  a t  2.0 K to  -- 10% of i t s  value 
99.9 0.1' 

a t  15OK. This  is t o  'be 'compared with 75% f o r  the s a m e  al loy in the a s - ro l l ed  

s ta te .  After  annealing both Cu Nb ' and Cu 
99.8  0 .2  

99, 5Nb0. a l loys  become 

0 
superconducting below 3 K. A s  indicated in F ig .  3 ,  the res i s t iv i ty  of the 

annealed Cu  Nb d e c r e a s e s  with dec r ea s ing  t e m p e r a t u r e  a t  a fa'ster 
99.5  0 . 5  

r a t e  than that of annealed Cu Nb 
99.8 0 .2 '  

The  effect  of annealing on the  r e s i s -  

t ivi ty of the a l loys  with h igher  Nb concentra t ion is manifes ted in two aspec t s :  

a )  the magnitude of the res i s t iv i ty  d r o p  around 9 . ' ~  is reduced.  b)  below ~ O K ,  

thc  r a t e  uE d e c r e a s e  in res i s t iv i ty  is lower  than that  of the  a s - ro l l ed  s amp le s .  

Th i s  ef fect ,  however ,  is l e s s  pronounced fo r  the al loy Cu  
98. 5Nb1. 5 -  

3 .  F r o m  the r e s u l t s  p resen ted  in F i g s .  5-8, the e s t ima t ed  supercon-  



ducting volume fraction (SVF) of the Cu-Nb alloys studied a s  a function of 

t empera ture  i s  in general  consis tentwith  the resu l t s  of the res is t ivi ty  measu re -  

ment.  At low concentration i .  e .  for  alloys C U ~ ~ ~ - ~ N ~ ~  # with x = 0. 1, 0.2,  

0 .5  and 1.5, the SVF inc reases  with increasing Nb content for  both the a s  

rolled and the annealed samples .  

I t  should be noticed that the magnitude of the SVF shown 'by these alloys 

is about fifty t imes  the physical volume fraction of niobium. F o r  example in 

the alloy Cu 
99.5 

Nbo. 5Nb would occupy a t  mos t  -- 0.75% of the total  volume if 

a l l  the Nb i s  assumed to  be presen t  a s  a second phase in the Cu mat r ix .  The 

data shown in Fig.  7 indicate a superconducting volume fract ion of about 50% 

a t  ~ O K .  The alloys containing higher Nb concentrations,  i .  e .  C U ~ ~ ~ - ~ N ~ ~ ,  

x = 3 and 5, show a relatively sma l l  SVF a s  compared with that in alloys 

Cuq9. 5Nbo. and Cu 98. 5Nb1. 5' 
At about ~ O K  a step-like increase  in SVF h a s  

been observed fo r  alloys C U ~ ~ ~ - ~  Nbx, with x = 1.5, 3, and 5. This  c o r r e s -  

ponds to  the res is t ivi ty  drop  a t  the s a m e  tempera ture  a s  shown in F igs .  2 

and 4. F o r  a typical annealed Cu 
97. oNb3. 0 

, the initial increase  of SVF i s  

about 370. At about 1 .  ~ O K ,  the SVF of the s ame  alloy inc reases  to  about 35%. 

I t  has  'been found that  annealed samples  generally exhibit a l a r g e r  SVF than 

rolled ones. 

4. The metallographic resu l t s  a s  shown in F igs .  9a-9b, indicate that 

there  a r e  two dist inct  types of precipitates in the Cu mat r ix .  The l a rge  pre  - 
cipitates (average s ize  -- 10 pm) randomly distributed in the alloy are pro- 

bably formed a t  high tempera ture  when the bulk of the alloy i s  s t i l l  in the 
- 

!.iquid statc.  The s i ~ l a l l  precipitates ' that a r e  visible under the magnification 

used ( ~ 7 5 0 )  appear  to  be d i sc re t e  par t ic les  of average s ize  < 1 pm. It  i s  pro-  

bable that there  a r e  &;en sma l l e r  s ize  par t ic les  in between these relatively 



s m a l l  precipi ta tes .  It  i s  t o  be  noted that  the sma l l e r  precipi ta tes  tend to  

f o r m  along grain  boundaries and probably r e su l t  f r o m  solid s ta te  precipitation. 

As  shown in F ig .  9b; the effect  of cold rolling the Cu g9. 5Nb0. al loy i s  t o  

al ign the precipi ta tes  in the rolling direct ion and the average  in te r -par t ic le  

dis tance along a l ine i s  about 0 .2  pm. It  has  'been found a l s o  that  the la rge  

precipi ta tes  a r e  m o r e  abundant in al loys containing m o r e  than 1.5 at .  7'0 Nb 

than in al loys containing l e s s  than 1.5 a t .% i s  Nb, and the r e v e r s e  i s  t r ue  f o r  

sma l l  precipi ta tes .  

IV. DISCUSSION 

In  interpret ing the exper imental  resu l t s  obtained in  th is  investigation, 

i t  i s  neces sa ry  to  know the phase d iagram of the Cu-Nb alloys.  The mos t  

complete investigation of th is  phase d i ag ram 'was published 'by Popov and 

3 
Shiryaeva . Thei r  paper  an t a in s  m o r e  information than i s  shown in the dia- 

g r a m  given in Ref .  4 which i s  somewhat confusing s ince the horizontal  phase 

boundary line a t  1 5 5 0 ~ ~  does not sa t isfy  the phase rule .  All  the data points 

repor ted in Tables  in Ref. 3 a r e  shown in F ig .  10 and 11, and the phase 

boundaries have been t raced  in accordance with these  data points. A two 

liquid phase' field between about 20 and 33  at .  7'0 Nb h a s  been  included, a s  

suggested in  Ref. 3,  and by doing s o  the phase rule  i s  satisfied.  The copper- 

r i ch  side of the d i ag ram i s  r a the r  well .documented a s  shown in Fig.  10 and the 

solubility of Nb in Cu i s  l e s s  than 1 a t .% just below 1 1 0 0 ~ ~ .  This  solubility 

d e c r e a s e s  v e r y  fas t  with decreas ing  temperature, and the room tempera-  

ture-solubility i s  es t imated to be about 0. 10 at .%. In al loys cooled a t  r a t e s  

in the range of those used in th is  investigation, the solubility i s  pro'bably 



Fig.  10. Copper r i ch  portion of the Cu-Nb phase d iagram.  

The data points a r e  f r o m  Ref. 3. 



Fig. 11. 

Nb CONCENTRATION (A t .  % ) 

Cu-Nb phase diagram. The data points shown by (0) 

a r e  from Ref. 3.  Three possible phase boundary lines 

arc shown un the Nb r ich side of the diagram and a r e  

explained in the text. 
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about 0. 15 at.70. 

The phase boundaries on the Nb r i ch  s ide  of the d i ag ram a r e  v e r y  

poorly known. The 'boundaries shown in Ref. 3 and reproduced in Ref.  4 

(curve  1 in Fig .  11) a r e  not 'based on any data points. The solubility of Cu 

5 
and N'b deduced f rom a mic ros t ruc tu re  examination and f rom e l ec t r i ca l  r e -  

6 o s is t iv i ty  measu remen t s  would be 0.07 a t .  70 a t  1000 C. Poss ib le  phase 

boundaries consistent  with this low so.lubility a r e  shown by curves  2 and 3 

in F ig .  11. 

In summary ,  the data shown in the phase d i ag ram indicate that a t  

room tempera ture ,  the solubility of Nb in Cu(a solid solution) i s  l imited to  

l e s s  than 0. 10 at .  70 Nb and that  Cu i s  a lmos t  insoluble in  Nb. In equil ibrium, 

the alloys containing m o r e  than 0.15 at.70 Nb a t  room t empera tu re  should consis t  

of two phases,  Cu- r i c h ' a  solid solution and Nb- r ich  solid solution containing 

l e s s  than 0.07 at.70 Cu. 

I t  is c l ea r  f r o m  the r e su l t s  presented in the previous section that any 

possible mechanism responsible  for the super  conducting proper t ies  o'bse rved 

in the Cu-Nb alloys,  should account f o r  the ve.ry l a r g e  superconducting volume 

fract ion fo r  al loys containing l e s s  than . l o  5 a t .  70 Nb. In addition, the mechan- 

i s m  should a l s o  explain the disappearance of res is t iv i ty  in  Cu 99. gNb0. 2 and 

Cu 99. Nbo. 
al loys below ~ O K . .  F o u r  possible mechanisms  to  explain these .  

exper imental  r e su l t s  a r e  d i scussed .  

(1). The superconductivity observed may  be due to  the Nb dissolved 

i n  C;u(i. e ,  cr solid solution). In view of the sma l l  solubility of Nb in  Cu, i t  is 

unreasonable to expect this t o  be  the cause  of snperconductivity. F u r t h e r -  

m o r e ,  th is  mechanism cannot explain why an  alloy l ike  Cu 97. oNb3. 0 

not be superconducting to a t  l e a s t  the s a m e  extent a s  Cu Nb 
99.5 0.5' 



Another evidence which i s  against  th is  mechanism i s  that  the Gu 99. gNbO. 2 alloy 
7 5 rapidly quenched f r o m  the liquid s ta te  a t  a r a t e  of - 10 OG/sec remains  

' 

0 n.ormal a t  1. 5 K. 

(2) .  The niobium may  f o r m  a layer  on the sur face  of the copper-  

r i ch  gra ins .  To  be superconducting a t  -- 4%, the l aye r  h a s  to  be about 

100 thick. " 9 ~ f  a typical grain s i ze  of 20 p m  i s  assumed,  then a s imple  

calculation indicates that  the amount of Nb needed to build such a l aye r  i s  

a t  l e a s t  a few percents .  In addition, pa r t  of the Nb i s  a l ready  presen t  a s  

precipi ta tes  and there  i s  s imply not enough Nb to f o r m  such a superconduct-  

ing layer  in the dilute al loys Cu 99. 8Nb0. 2 and Cu 
99. 5Nb0. 5 

. The Nb l aye r  

formed on grains  can then be ' ru led  out a s  a mechanism for  sup,erconductivity. 

( 3 ) .  The Nb m a y  form' f i l aments  and hence provides a continuous 
. . . superconducting path. This  is unlikely because f i r s t ,  there  i s  no metal lo-  

graphic evidence for the exis tence of f i laments ,  and second, the fi laments 

mechanism would not explain the l a rge  super  conducting volume observed.  

(4). The proximity effect of the d i sc re te  Nb par t ic les  embedded in  

the Cu ma t r ix  gives r i s e  to superconductivity observed.  The metallographic 

r e s u l t s  ( a s  shown in Fig.  9b) definitely confi rm the exis tence of d i s c r e t e  

par t i c les ,  and the'se par t i c les  can be identified a s  essen t ia l ly  Nb par t ic les  

according to the phase d iagram.  It  i s  reasonable  t o  a s s u m e  that t he re  i s  a 
. .. 

distr ibution of par t ic le  s i ze s  ranging f r o m  the relat ively l a rge  s i ze  visible 

in F igs .  9a and 9b ( l e s s  than 1.0 pm) to  su'bmicroscopic s i ze  not observed,  

wit11 lighl r~l icruscopy.  In addition, t he re  i s  a distr ibution of in terpar t ic le  

dis tances  ranging f rom z e r o  to  few pm. In  view of the probable dis t r ibu-  

P - tion of the superconducting Nb par t ic les  just descr ibed,  i t  i s  c l ea r  that  the  

infinite conductivity observed in Cu Nb and Cu 
99.8 0 .2  

Nb alloys can 
99.5 0 . 5  



r e su l t  f r o m  the leakage of Cooper pa i r s  in Nb par t ic les  in the Cu-matr ix .  

The average  in te rpar t ic le  dis tance .must be comparable  with the coherence 

length (of the o rde r  of 1000 2) s o  that the Cooper - .  pa i r s  f o r m  a continuous 

path for  superconductivity. The  mechanism of proximity effect a l s o  explains 

the l a rge  superconducting volume a s  suggested by the inductan.ce 'bridge 

measurements .  The ve ry  wide superconducting t ransi t ion shown in  'both the 

res is t iv i ty  and the inductance measu remen t s  i s  consistent  with the effect of 

a distribution of par t ic le  s i ze s  a s  well  a s  in te rpar t ic le  dis tances .  The large ' r  

Nb par t ic les  contained in al loys Cu 97. oNb3. 0 
and Cu 

95. oNb5. 0 
a r e  typically 

10 p m  in d iameter .  I t  i s  expected that  these  Nb super  conduct a t  

about the s a m e  tempera ture  a s  bulk Nb. 8' ''The in te rpar t ic le  dis tances  

(about 10 to  30 pm) a r e  of the o r d e r  of 100 t imes  a typical coherence length. 

This  definitely precludes  the possibil i ty of forming a superconducting path 

through the proximity effect of these  par t ic les .  The effect of these  super -  

conducting par t ic les  (for T < 9 ' ~ )  on the res is t iv i ty  of the bulk alloy can be 

understood by considering the res is t iv i ty  of an  ideal  sy s t em consist ing of 

smal l , '  wel l -separated sphe re s  of second phase (1.e. Nb) uniformly embedded 

in a metal l ic  m a t r i x  (i. e .  Cu). The res i s t iv i ty  of the al loy can be wri t ten 

11 
approximately a s  : 

w h e r e  P CU, and the second 

phase Nb, and f i s  the volume fraction of the second phase.  In the l imiting 

ca se ,  when the par t ic les  become superconducting below the t ransi t ibn temp- 

e r a tu re ,  i . e .  p N b  .= 0 equation (1) can be approximated by  the following 



As  shown in Fig.  8 ,  the superconducting volume fraction of Cu 97. oNb3. 0 near 

~ O K  i s  about 37'0 ( i .e .  f = 0.03). Then, the res is t iv i ty  a t  about 9 ' ~  would be 

reduced by a factor  of 3f 97'0 which i s  about the right o rde r  of magnitude a s  

indicated by the res i s t iv i ty  measu remen t s  (Fig .  4). S imi la r ly  for the c a s e  

of NbgmO 0195.0, f i s  about 0.06 a t  8. ~ O K ,  and the res i s t iv i ty  should d e c r e a s e  

by,- 3f = 187'0 according to  equation (2).  This  i s  again approximately in ag ree -  

ment with the r e su l t s  of res is t iv i ty  measu remen t s  (Fig .  8).  In view of the 

8 
;i approximations made in the above discussion,  a quantitative agreement  i s  not 

expected. This  kind of analysis  does indicate that if the superconducting 

par t ic les  a r e  distr ibuted far, a p a r t  ( i .  e .  in te rpar t ic le  distance i s  l a r g e r  than 

the coherence length) the effect  of the par t i c les  would reduce the res is t iv i ty  

according to equation (2). This  conclusively demons t ra tes  the need for  a 

mechanism such a s  the proximity effect to explain the superconductivity of 

the al loys Cu 99. gNbO. 2 and Cu 
Nb 

99.5 0 .5 '  
In t e r m s  of this mechanism,  the 

effect of annealing on the superconducting proper t ies  a s  shown in F igs .  3,. 4, 7 

and 8 can be understood a s  fo.llows: Annealing a t  8 0 0 ~ ~  fo r  -- 2 days r e su l t s  

in recrysta l l izat ion,  a re la t ive ly . la rger  mean f r e e  path'which can enhance the ,  

proximity effect. F o r  al loys containing l e s s  than 1 a t .  7'0 Nb, supersa tura ted  

a solid solution retained 'by cooling . f r o m  the liquid s ta te  could precipitate 

m o r e  fine Nb par t ic les  during annealing. This  effect  a l s o  can lead to  a 
! -  

sha rpe r  superconducting t ransi t ion and a l a r g e r  supecconducting volwme. 

On the other hand, i t  i s  possfble that  prolonged annealing a t  800°C o r  higher  



I 

can cause the very  fine Nb precipitation to coalesce and grow in s ize.  This 

. effe,ct would tend to increase the superconducting transit ion temperature of 

the individual Nb part ic les .  If the interparticle distances 'become significantly 

la rge  a s  a resul t  of coalescing, the proximity effect would be reduced. Dif- 

fusion between Nb and Cu during annealing could reduce the proximity effect. 

I Judging from the resu l t s ,  this effect i s  not significant probably because of the 

near  ze ro  solubility of Cu and Nb a t  8 0 0 ~ ~ .  F r o m  Figs.  9b and 9d, it dan be 

I seen that the s ize of the la rge  Nb part ic les  i s  reduced and the number of 

sma l l e r  Nb particles is increased af te r  annealing. These smal le r  particles 

I- probably do aot.contribute significantly to the superconductivity because of 

t their  relatively Large interpart ic le  distances (typically -- 5000 x). The r e -  

duction in size of the l a rge r  Nb particles a s  a result  of annealing i s  consis- 

1 '  tent with the observation that in the annealed samples the magnitude of the 

1 - 
f i r s t  resistivity drop. a t  -- ~ O K  i s  reduced. 

I Superconducting proximity effect has  been studied in. the fo rm of 

superimposed fi lms of a superconductor.and a normal conductor 12* previous 

work indicates that spurious effects can resul t  f rorn  an insulating oxide layer  

o r  poor electr ical  contact between the superconducting and n.ormal fi lms. 

The present alloys should be f r ee  f rom these difficulties. 

The magnetic propert ies  of the Cu-Nb alloys have not 'been studied in 

this work. The magnetic propert ies  of a superconductor fi lm i s  greatly 
j 12 

modified by the proximity effect of normal  metal,  and s imi lar  effects can 

I be expected in the alloys. In these alloys, it .should be of interest  

to  find out how a distribution of superconducting parti-cle s izes  and inter-  
. . 

b particle distances will modify the magnetic properties.  A measurement  of 

cr i t ical  field a s  a function of tempera ture  should 'be particularly interesting 



in view of a recent  unusual prediction that some system consisting of 

superconducting spheres  dispersed throu& a metal  mat r ix  may exhibit 

multiple transit ion temperatures .  13such an effect, i f  it  exis ts ,  should have 
' 

'been observed in the measurements  of superconducting volume fraction 'by 

the inductance bridge technique. A close examination of the experimental 

resul ts  obtained in this investigation have failed to show any evidence of this 

effect. 

Near the transition temperature,  the specific heat of superconducting 

part ic les  distributed in a metal  i s  certainly affected by the proximity effect. 

14 
As pointed out by Fulde and Moormann, the specific heat jump i s  a sensitive 

measure  of the effect. Therefore ,  a comparison between the 

specific heat of Cu-Nb alloys and that of bulk Nb should yield some valua'ble 

information concerning the proximity effect.  A program of measuring the 

magnetic propert ies  and the specific heat of Cu-Nb alloys is  in progress .  
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