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ABSTRACT

Super'c‘onductivity of copper containing -small amounts of niobium has
been investigated by measuring the electrical resist’ivity, superconducting
volume fraction and by metailo_graphic studies. Small amounts of niobium
added to copper has a drastic effect on the low temperature resistivity of the
alloys. The annealed alloy Cu99. SNbO. 5 shows zero resistance at a current
density of 200 g‘/cm2 below 3°K. The estimated superconducting volﬁme
fraction of fhis alloy at 2°K is about 50 times the physical volume fraction
of the Nb in the alloy. When more Nb is added these effects unexpectedly
become much smaller than those o};served in the dilute alloys (<l.5at.% Nb).
Metallographic results indicate that in all the Cu-Nb alloys studied there are
twc; distinct types of Nb pérticles in the Cu matrix. The large particles (aver-
age size ~ 10 pm) randomly distributed in the alloy are probably formed at
high temperature when the bulk of the alloy is still in the liquid state. The
small Nb par.ticles (size € 1 pm, interparticle distances < 0.2 pm) probably
form through a solid state precipitation. It has been found that the large pre-
cipitates are more abundant in the alloy containing more than 1.5 at.% Nb,
than in alloys containing less than 1.5 at.% Nb. The observed superconducting
properties of alloys Cugg gNb, , and'Cugg. ;Nby  have been attributed to the
proxirrﬁty effect of the sm.all Nb particles whose interparticle distances are
compatible with the coherence length in the Cu métrix._ The very wide super-
conducting transition shown in t;oth the resistivity and the inductanAce measure-
ments suggests a distribution in the Nb particle sizes as well as in the inter- .

particle distances.




"I, INTRODUCTION

It is well established exi)erimentally that pure copper does not become
a superconductor even at the millidegree temperature range. 1 However if
high purity copper is melted in a niobium crucible under a helium atmosphere,
the resulting Cu ingot exhibits evidence of super,conductivity2 at about 6 to 82K,
The evidence consisted of observing both the persistent current at a current

density about 5A/cm?

and the flux quantization, using a Nb-contaminated Cu
as part of a superconducting ring. It was uncertain, however, that the ob-
served superconductivity was a bulk effect (i.e. a property of the Cu~Nb solid
solution) or was due to the presence of niobium-rich filaments in a Cu matrix.
The purpose of the present study is to clarify the'nature of the superconduc-
tivity observed in the Cu-Nb alloys. A systematic study of Cu-Nb alloys of
various compositions was performed by measuring the resistivity and the

superconducting transition temperature (inductive method), The structures

of some alloys, after various heat treatments were examined metallographically.
II. EXPERIMENTAL PROCEDURE

Alloys of compositions Cu;q,_ Nb_in which x= 0.1, 0.2, 0.5, 1.5, 3.0
and 5.0 were prepared by induction melting of the appropriate quantities of the -
constituents (949. 999% pure Cu and 99, 98%-pure Nb) in glassy carbon crucible
under an argon atmosphere, The alloys were then cooled slowly in the crucible,
The weight losses were less than 0, 2% and the nominal compositioné of the alloys
were taken as thé actual ones. After melting, there was a silvery coating on

the ingot which was removed by boiling HZSO4 . The ingot was rolled into an




approximately rectangular rod with a 25% réduction in ér'oss section area.
Then it was cut into two pieces which were machined' into 2 x 20mm rods,
These two rods were designated as specimens I and II.

Specimen I was etched in dilute nitric acid to reduce its diameter to less
than 1 mm. Its electrical resistivity as a function of temperature was fneasur-
ed by using a standard four-probe technique at a current density of about
200 A/cm?2, The superconducting transition temperature of the same sample
was also measured by a standard ac inductance Wheatstone bridg.e using a
PAR lock-in amplifier to detect the imbalance of the bridge. With the lock-in
amplifier operating in a linear reéion, it was found that the 'bridge' output is
préportioﬁal to the volume of a given superconductolr. Based on this fact, the
inductance measurement was used to roughly estimate the volume fraction of
the sample from which the flux is excluded (hereafter called s‘upercénducting
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 small piece
of pure Nb of known weight (~10 mg) to the Cu-Nb sample and measuring the
inductance change as a function of temperature. From the weight of the Nb
and that of the Cu-Nb sample and from the changes of the bridge output at
the 'superconducting transition temperatures of both the standard Nb and

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

can be estimated within 10%.




The rod designatedAas specimer; Il was annealed at 800°C for about
two &ays, and its diameter was reduced by etching. The resistivity and the
superconducting transition temperature were then measured as for specimen
I. The same samples were then examined under the optical microscope,
For the purpose of comparison, metallographic study was also perforrﬁed on

two alloys (0.5 and 3.0% Nb) in the as cast condition.
III, RESULTS

The vé.lues of the resistivity (normalized to those at ISOK) are pre-
sented in Fig. 1 to 4 as a function of temperature and composition. The results
for the as-rolled samples (specimen I} are shown in Fig. 1 and 2 and those for
the annealed ones (specimen II) in Fig. 3 and 4. It is remarkable that, at a
current density of about 200 A/cm? the annealed Cugg gNby , and Cugy Nby
show no electrical resistance below 3°K. "By no reéisté.nce it is meant that the
potential drop across a rod ~ 10 x 0.5mm is less than 10-8 volts at a current
of 0.5A.

The superconducting volume fraction as a function of temperature can
be estimated from the inductance change of samples and the calibration pro- .
cedure described in section II. The r'esults of such measurements are shown
in Fig. 5-8 for the as rolled and annealed alloys. . From the results shown in
Fig, 1-8 and the microstru;:turgs shown in Fig. 9, the following observations
can be made:

1. Small améunts of niobium added to copper has a dras’cic effect on

the low temperature resistivity of the alloys at a current density of about

200 A/cmz. For the'lqw concentrations, such as CulOO-bex’ with x =0.1,
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0.2 and 0.5, the low temperature resistivity for T < 15°K instead of being
constant as that of pure copper decreases with decreasing temperature start-
ing at aBout 8°K (Fig. 1). This effect becomes more prbnounced with in-
creasing Nb concentration, At ZOK, the reéistivity of the alloy Cu99. SNBO. 5
is reduced to about 4% of the resistivity at 15°K. This trend is interrupted
as more niobium is added.to copper. For alloys with relatively high niobium
éontent, the resistivity as a function of temperature first shows a sharp drop
at about 9°K, then continues to decrease with decreasing temperatufe. The
data presented in Fig. 2 indicatethat the resistivity of the alloys Cu98. 5N’b1. 5
and Cugs (Nbg o is nearly zero at 2°K. The alloy Cug, (Nb o exhibits a
relatively high resistivity at 2°K (~ 30% of the resistivity at 150K). This in-
dicates that the effect of adding Nb in Cu on resistivity of the alloys does not
depend linearly on concentration..

2. The effect of annealing at 800°C for ~ 2 days on resistivity is shown
in Figs. 3 and 4, For the most dilute alloy studied in this investigation, i.e.
Cu99. 9Nb0. 1’ a_nnealing reduces the resistivity at Z.OOK to ~ 10% of its value
at 15°K. This is to be compared withl75% for the same alloy in the as-rolled
state, After annealing both Cu99. 8Nb0..2 and Cu99' SNbO. 5 alloys become
superconducting below 3°K. As indicated in Fig. 3, the resistivity of the
decreases with decreasing température at a faster

0.5
rate thanthat of annealed Cu99 8Nb0 2° The effect of annealing on the resis-

annealed Cugg ) 5Nb

tivity of the alloys with higher Nb concentration is manifested in two aspects:
a) the magnitude of the résistivity drop around 9°K is reduced. b) below 8°K,
the rate of decrease in resistivity is lower than that of the as-rolled samples.
98. SNbl. 5°

3. From the results presented in Figs. 5-8, the estimated supercon-

This effect, however, is less pronounced for the alloy Cu




ducting volume fraction (SVF) of the Cu-Nb alloys studied as a function of
~temperature is in generai consistent with the results of the resistivity measure-
ment, At low concentration i.e. for alloys CulOO-bex’ with x = 0.1, 0.2,
0.5 and 1,5, the SVF increases with increasing Nb content for both the as
rolled and the annealed samples.

It should be noticed that the magnitude of the SVF shown by these alloys
is about fifty times the physical volume fraction of niobium. For example in

the alloy Cu 5Nb would occupy at most ~ 0.75% of the total volume if

99.5MPp,
all the Nb is assumed to be present as a second phase in the Cu matrix. The
data shown in Fig. 7 indicate a superconducting volume fraction of abbut 50%
at 2°K. The alloys containing higher Nb concentrations, i.e. CulOO—bex’

x = 3 and 5, show a relatively small SVF as compared with that in alloys

At about 9°K a step-like increase in SVF has

and Cu b1

Cug9,5NP0. 5 98.5NP]. 5"
been observed for alloys CulOO-bex’ with x = 1.5, 3, and 5. This corres-
ponds to the resistivity drbp at the same temperature as shown in Figs., 2
and 4. For a typical annealed Cu97. 0Nb3’0, the initial increase of SVF is
about 3%. At about 1, 5°K, the SVF of the same alloy increases to about 35%.
it has been found that annealed samples generally exhibit a larger SVF than
rolled ones,

4, The metallographic results as shown in Figs. 9a-9b, indicate that
there are two distinct types of precipitates in the Cu matrix. The large pre-
cipitates (average size ~ 10 ym) randomly distributed in the alloy are pro-
bably férmed at high temperature when the bulk of the alloy is still in the
liquid statc. The srnall-precipitates ‘that are visible under the magnification

used (x750) appear to be discrete particles of average size < 1 um, It is pro-

bable that there are even smaller size particles in between these relatively




small precipitates. It is to be noted that the smaller precipitates tend to

form along grain boundaries and probably result from solid state precipitation,

99.5NP0. 5

align the precipitates in the rolling direction and the average inter-particle

As shown in Fig. 9b, the effect of cold rolling the Cu alloy is to
distance along a line is about 0.2 ym. It has been found also that the large
precipitates are more abundant in alloys containing more than 1.5 at.% Nb
than in alloys containing less than 1.5 at.% is Nb, and the reverse is true for

small precipitates.
IV, DISCUSSION

In interpfeting the experimental results obtained in this investigation,
it is necessary to know the phase diagram of the Cu-Nb alloys, The most
complete investigation of this phase diagram was publiéhed by Popov and
Shiryaeva3. Their paper @tains more information than is shown in the dia-
gram given in Ref-. 4 which is somewhat confusing since the horizontal phase
boundary line at 1550°C does not satisfy the phase rule., All the data points
reported in Tables in Ref., 3 are shown in Fig. 10 and 11, and fhe phase
boundaries have been traced in accordance with these data points. A two
liquid phase field between about 20 and 33 at.% Nb has been included as
suggested in Ref. 3, and by doing so the phase rule is satisfied. The copper-
rich side of the diagram is rather well documented as shown in Fig. 10 and the
solubility of Nb in Cu is less than 1 at.% just below 11.000C. This solubility
decreases very fast with decreasing temperature, and the roo'm tempe;ra-
ture solubility is estimated to be about 0.10 at.%. In alloys cooled at rates

in the range of those used in this investigation, the solubility is probably



Fig. 10.

TEMPERATURE (°C)

rllll'lllllllllle{J\
\
\\

1200

1100

1000

900

800
20

A\

TN UTTTTTTTTT

—_—

_llllllITl]ll[IllIII[IIITIIIII

1

1

Lt by gl

]TTIIIITIIII

!
Hf

AN\

b e Lo e Lo e by b by

ta g v ey v brv e bev g La gy

I 2
Nb CONCENTRATION (At. %)

(@
W

Copper rich portion of the Cu-Nb phase diagram.,

The data points are from Ref. 3.




-18-

2500 'lllllllllllllI.IlTT]TTTI]T_IﬁIIlll|I|lTYllllj_]'TIlT

;G i

~ 2000+

Ld

Q-

-

K 8

5 B

o 1500

E -

L L \

— \ }
» \‘ ;
e

1000}
O?L;n_lglllllllnln111|1111L1||1||111111¢4111111|111¢11{
) 20 4Q 60 80 100
Nb CONCENTRATION (At. %) |
Fig, 11, Cu-Nb phase diagram, ‘The data points shown by (0)

are from Ref, 3, Three possible phase boundary lines
arc shown on the Nb rich side of the diagram and are

explained in the text.




-19-

about 0.15 at.%.

The phase boundaries on the Nb rich side of the diagram are very
poorly known. The boundaries shown in Ref. 3 and reproduced in Ref, 4
(curve 1 in Fig, 11) are not based on any data pointAs. The solubility of Cu
and Nb deduced from a microstructure examinationsand from electrical re-
sistivity measurementséwould be 0,07 at.% at 1000°C. Possible phase
' boundaries consistent with this low solubility are shown by curves 2 and 3
in Fig., 11.

In summary, the data shown in tile phase diagram indicate that ét
room temperature, the éolubility of Nb in Cu(x sblid solution) is limited to
less than 0.10 at.% Nb and that Cu is almost insoluble in Nb. In equilibrium,
the alloys containing more than 0,15 at.% Nb at room temperature shoulci consist
of two phases, Cu-rich'a solid solution and Nb-rich solid solution containing
less than 0,07 at.% Cu.

It is clear from Athe results presented in the previous section that any
possible mechanism responsible for the superconducting properties observed
in the Cu-Nb alloys, shéuld account for the very large sgperconducting volume
fraction for alloys containing less than 1.5 at,% Nb. In addition, the mechan-
ism should also explain the disappearance of resistivity in Cu99, 8Nib0. 2 and
A Cu99. sNbo; 5 alloys below 3°K. Four possible mechanisms to explain these-
experimental results are discussed.

(1). The suprconductivity observed may be due to the Nb dissolved
in Cu(i.e. a solid svlution). In view of the small solubility of Nb in Cu, it is
unreasonable to expect this to be the cause of superconductivity. Fur';her-
more, this mechanism cannot explain why an alloy like Cu97.0Nb3.0 would

not be superconducting to at least the same extent as Cu NbO 5

99.5
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Another evidence which is against this mechanism is that the Cu99, 8Nb0. Zalloy
rapidly quenched from the liquid state7at a rate of ~ 105 °C/sec remains
normal at 1,5°K, |

(2). The niobium may form a layer on the surface of the copper-
rich graiﬁs. To be superconducting at ~ 4°K, the layer has to be about
100 £ thick.8’ 9l'f a typical grain size of 20 um is assumed, then a simple
calculation indicates that the amount of Nb needed to build such a layer is
at least a few percents, In addition, part of the Nb is already present as
precipitates and there is simply not enough Nb to form such a superconduct-
ing layer in the dilute alloys Cu99.8Nb0, 2 and Cu99. 5Nb0. 5 The Nb layer
formed on grains can then be ruled out as a mechanism for superconductivity,

(3). The Nb may form filaments and hence provides a continuous
superconducting path, This is unlikely because first,‘ there is no metallo-
graphic evidence for the existence of filaments, and second, the filaments
mechanism would not explain the large superconducting volume observed,

| (4). The proximity effect of the aiscréte Nb particles embedded in

the Cu matrix gives rise to superconductivity observed. The metallographic
results (as shown in Fig. 9b) definitely confirm the existence of discrete
particles, and these particles can be identified as essentially Nb particles
according to the phase diagram. It is 'r‘e.asonable to assume that there is a
distribution of particle sizes ranging from the relatively large size visible
in Figs, 9a and 9b (less than 1.0 um) to su'bmicroscbpic size not observed
with light microscopy. In addition, there is a distribution of interparticle
distances ranging from zero to few pm. In view of thc;: probable distribu-
tion of the superconducting Nb particles just described, it is clear that the

infinite conductivity observed in Cu99. 8Nb0. 2 and Cu99. 5Nb0. 5 alloys can




result from the leakage of Cooper pairs in Nb particles in the Cu-matrix,

The average interparticle distance must be comparable with the coherence
length (of the order of 1000 R) so that the Cooper pairsl form a continuous
path for superconductivity. The mechanism of proximity effect also explains .
the large superconducting volume as suggested by the inductance bridge
measurements. The very.wide superconducting transition shown in both the
resistivity and the inductance méasurements is consistent with the effect of

a distribution of particle sizes as well as interparticle distanceé. The larger

Nb particles contained in alloys Cu Nb3.0 and Cu95.ONb5.0 are typically

97.0
10 pm in diameter. It is expected that these Nb partic1e$ super conduct at
about the same temperature as bulk Nb.8’ 1O’I'he interparticle distances

(about 10 to 30 pm) are of the order of 100 times a typical coherence length,
This definitely precludes the possibility of forming a superconducting path
through the proximity effect of these particles, The effect of these super-
conducting particles (for T < 9°K) on the resistivity of the bulk alloy can be
understood by considering the resistivity of an ideal system consisting of
small,” well-separated spheres of second phase (i.e. Nb) uniformly embedded
in a metallic matrix (i.e. Cu). The resistivity of the alloy can be written

approximately asllg j’N | | ,
§ = J {' Jc(i +2f:4,)} ”
ey +zj}"’ )

Where P cu and PNp 2Te ‘the re51st1v1t1es of the rnatrlx Cu and the second

phase Nb, and f is the volume fraction of the second phase. In the limiting
case, when the particles become superconducfing below the transition temp-

. erature, i.e. p\y = 0 equation (1) can be approximated by the following
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expression:

all - j | { -3 j (2)
[o] - . .
As shown in Fig, 8, the superconducting volume fraction of Cu97 ONb3 o fear

9°K is about 3% (i.e. f = 0.03), Then, the resistivity at about 9°K would be
reduced by a factor of 3f Z 9% which is about the right order of magnitude as
indicated vby the resistivity measurements (Fig. 4). Similarly for the case
of NbS.O 619;.0, ‘f is about 0.06 at 8. SOK, and the .resistivity should decrease
by ~ 3f = 18% according to equation (2). This is again approximately in agree-
ment with the results of resistivity measurements (Fig. 8). In view of the
approximations made in the above discussion, a quantitative agreement is not
expected. This kind of analysis does indicate that if the s'uperconc'lucting
particles are distributed far apart (i.e. interparticle distance is larger than
thebcoher-ence length) the effect of the particles would reduce the resistivity
according to equation (2).» This conclusively demonstrates the need for a
mechanism such as the proximity effect to explain the superconductivity of
and Cu b

the alloys Cu In terms of this mechanism, the

99.8°°0. 2 99.57P0. 5°
effect of annealing on the superconducting properties as shown in Figs. 3,4, 7
and 8 can be understood as follows: Annealing at 800°C for ~ 2 days results
in rec‘rystallization, a relatively larger mean free path which can enhance the
proximity effect. For alloys containing less than 1 at,% Nb, supersaturated
o solid s.olution retained 'by cooling from the liquid state could precipitate
more fine Nb particles during annealing. This effect also can lead to a

sharper superconducting transition and a larger superconducting volume.

On the other hand, it is possible that prolonged annealing at 800°C or higher
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can cause the very fine Nb precipitation to coalesce and grow in size, This

.effect would tend to increase the superconducting transition temperature of

the individual Nb particles, If the interparticle distanées become significantly
large as a result of coalescing, the proximity effect would be reduced. Dif-
fusion between Nb and Cu during annealing could reduce the proximity effect,
Judging from the results, this effect is not significant probably because of the
near zero solubility of Cu and Nb at 800°C. From Figs. 9b and 9d, it can be
seen that the size of the large Nb particles is reduced and the number of
smaller Nb particles is increased after annealing. These smaller particles
probably do not contribute significantly to the superconductivity because of
their relatively large interparticle distances (typically ~ 5000 X). The re-
duction iﬁ size of the larger Nb particlés as a result of annealing is consis-
tent with the observaltiori that in the annealed samples the magnitude of the
first resistivity drop at ~ 9°K is reduced.

Superconducting proximity effect has been studied in the form of

superimposed films of a superconductor -and a normal conductor Previous
work indicates that spurious effects can result froin an insulating oxide layer
or poor electrical contact between the superconducting and normal films,

The present alloys should be free from these difficuities.

The magnetic properties of the Cu-Nb alloys have not been studied in
this work, The magnetic properties of a superconductor film is greatly
modified by the prokimity effect of normal metal, 12aind similar effects can
bé expected in the preseﬁt alloys. In these alloys, it .should be of interest
to find out how a distribution of superconducting particle sizes and inter-

particle distances will modify the magnetic prope'rt_ies. A measurement of

critical field as a function of temperature should be particularly interesting
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in view of a recent unusual prediction that some system consisting of
superconducting spheres dispersed through a metal matrix rhay exhibit
muitiple transition temperatures., 13Su.ch an effect, if it exists, should have
been observed in the measurements of superconducting volume fraction by
the inductance bfidge téchnique. A close examination of the experimental
results obtained in this investigation have failed to show any evidence of this
effect,

| Near the transition temperature, the specific heat of superconducting
particles distributed in a metal is certainly affected by the proxirﬁity effect,
As pointed out by Fulde and Moormann, 14the specific heat jump is a sené-itive _

measure of the proxi-rhity effect, Therefore, a comparison between the

- specific heat of Cu-Nb alloys and that of bulk Nb should yield some valuable

information concerning the proximity effect., A program of measuring the

rnagnetic properties and the specific heat of Cu-Nb alloys is in progress,
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