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ASSILSSMLNI OF SUPERCONDIICTIVITY IENHANNCL-MI'NT
CLAIMELD TO OCCUR IN SIALL PARTICLE-NORMAL

METAL MATRIX COMPOSITE SUPERCONDUCTORS

M. Ashkin

Westinghouse R&I) Center
Pittsburgh, Pennsylvania IS235

ABSTRACT

"The claims of substantially enhanced superconducting transition

temperature, T , and upper critical field, Hc2, are judged implausible.

This conclusion was reached by comparing the claims with what is theoreti-

cally expected using current theories, experimental results, and concepts

of superconductivity of high-T material. However, the Battelle approach

holds some promise of achieving both good mechanical and good supercon-

ducting properties in a practical conductor. AC losses and proximity ef-

fects in the composites need careful consideration in the evolution of a

practical composite conductor.

* L



1. INTRODUCTION

1.1 Preamb le

An evaluation is presented of recent claims of substantially

enhanced superconducting properties found in composites formed with high-

I small particles dispersed in a metallic matrix. These composites are

(1produced by the inventions described in U. S. Patent No. 4,050,147 and

in related German patent disclosures. (2) A summary of this evaluation,

dated January 25, 1978, was submitted earlier to AFOSR.(3)

1.2 Battelle Inventions

At Battelle-Frankfurt a whole host of inventions (patent dis-

closures) was glenerated by Ht. Winter, all apparently stimulated by the

original Tsuei wire, a composite conductor containing NbjSn discontinuous

tilaments in a Cu (bronze) matrix. (4) The latest disclosure and the cor-

respondin, Ii. S. patent cited in Section 1.1 described an arc-plasma pro-

Cess of generating AIS or B1 microparticles (aerosols) of 100 tu SO0 A0

diameter, the coating of these particles with copper by arc plasma or

other methods, compacting and extruding into tubes and wires.l2)

lable I summarizes composite properties that were reported by Battelle.

For comparison Table 2 gives the properties of bigh-T c superconductors

that are widely accepted. The enhancement of AIS T and 11c, values com-cI
pared with those of Table 2 was such that, if true, it would amount to a

revolutionary breakthrough in superconductivity. The impact upon tech-

nology would be enormous since most present problems and limitations

would be effectively removed.

The Battelle material differs in at least two essential ways

trom the materials of other ductile small particle or discontinuous fila-

ment composite conductors. The superconductor is initially produced
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as small particles (100 to 500 X) which even without mechanical reduction
are smaller in size than the filaments in other composites. It also was

formed as a ultrapure stoichiometric compound while for the other ductile

conductors the A1S was formed in situ by solid state diffusion of Sn

through or out of a matrix into dispersed Nb particles. In the latter

process, the conversion of Nb to Nb3Sn may be incomplete and the Cu-Sn

matrix may still contain Sn "impurities" limiting its conductivity. The

outstanding superconducting properties are presumably based on the small

particle size. A monotonic increase in Tc, Hc2 and critical-current den-

sity, JC with decreasing particle size was claimed.

Table 2

Typical Properties of High Tc Superconductors

W 1Filamentary
Group Nominal Tc  Hc2 (4.2 K) J (12 T, 4.2 K)

Formula K tesla c 109 A m-2

V 14 20 S to 10

V3Si 17 20

A1S Nb-Sn17 to 18 19 to 20 1 to 2

Nb 3A1 18 to 19 ' 30

Nb 3 (Al3Ge) " 20 " 40

Nb3Ga ' 20 ' 30

Nb3Ge ' 22 3! to 40

Bl NbN 15 to 16 13 to 32

Nb (C,N) 17 to 18 10 to 20

1.3 Scope of Evaluation

It is certainly true that some superconducting properties are

different for a material in bulk form and in small partizle form. It is

well established that the magnetic behavior in the superconducting state

4



is different for the two sample forms. (7) The size of the critical cur-

(89
rent without dispute depends on grain size (see Figure 1). 8,9) Most re-

searchers accept that large changes in the superconducting transition

temperature T occur when some bulk materials with low T 's are preparedc O~c

in small particle form. 0) Apart from Winter's claims, no results are

reported of any increase of Tc brought about by fabricating a high-T c

compound in small particle form.

Since it is difficult to theoretically predict T in most mate-c

rials, it is not possible to dismiss or accept the Winter results in a

clean, clear-cut way. What has been done is to critically review the

claims using established thinking on high-T c materials. The claims will

be compared with what is theoretically expected using current theories,

experimental results, and notions of superconductivity of the A15's and

Bl's.

~Lt
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2. T -ENHANCEmeNTS
c

2.1 General

The BCS(ll) explanation of superconductivity is based on an

attractive interaction between two electrons. In contrast in a non-

superconducting state electrons repel each other rather than attract each

other. The attraction results from one electron polarizing the lattice

near the second electron. This is called the "phonon mediated" or "plain

phonon" mechanism. The detailed internretation of a large number of ex-

periments (12) leads one to accept this phonon mechanism and no other.

other sources of attraction are proposed but all lack experimen-

tal verification and can be safely ignored for this appraisal.

Many T -enhancement theories or proposals abound even withinc

the conventional phonon framework; of these only the lattice softening

mechanism (a decrease in the average vibrational frequency) is experimen-

tally supported. (10) This appears to be the mechanism that motivated

H. Winter. A theoretical basis for believing that lattice softening

leads to high-Tc superconductivity was provided by McMillan.
(14) The un-

critical use of McMillan's formula does indeed predict large T c's on

softening. However, more careful evaluation shows that "softening" can

result in either a positive or a negative change in Tc

The sensitivity of T to lattice softening was carefuuly studied
by Begmannand Riner(15) c

by Bergmann and Rainer. Though they did not study the Al5's or

nitrides, one can use their work to assess the possibility of T enhance-c
ment in general and specifically for interesting high-Tc materials.

2.2 McMillan Formulation

Current discussions about high-Tc materials are in terms of X,

) -2 F(w) which can best he introduced through the McMillian interpola-

tion formula for T (14)
c

7



T 1.2>ex 1.04 (1 + ) 1

Tc =---- exp X - 1j* (1 ; 0.62X)]

where 11* 0.1 to 0.2. The electron-phonon coupling parameter X is

X= -2 f 2F(w) dw/(,j (2)

The a2 F(w) is the spectral function of the attractive interaction and

depends on microscopic material details. Under favorable conditions a2

F(w) can be obtained from tunneling experiments though it is not avail-

able in sufficient detail for most high-T c A15. Results for fine, clean

particles also do not exist. In some cases a2F(w) is derived from a

phonon density of states using an a2F(w) which is assumed or calculated.

This latter density of states which is obtained from neutron diffraction

experiments is available for an increasing number of materials including

many of the AlS's, and Bl's. Theoretical calculations of a2F(w) are

still unreliable for Tc predictions. The remaining quantity in McMillan's

formula is the moment

<W> =f o 2 F(w) dw (3)

f ¢L2 F(w) dw/w

McMillan showed that X can be written as (M is some weighted

ion mass)

= N(0) <12> r (4)
M < 0 2 > M <Wa2

where n is a pure electronic property and
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which is mainly vibrational.

2.3 Lattice Softening Tc- Enhancement Mechanism

The lattice softening-T enhancement theme is: while keeping
c

n constant decrease < 2> and thereby increase A and T . Lattice soften-
C

ing can be accomplished by producing small particles in which the atoms

on the particle surface are bound by a smaller number of chemical bounds

to the interior atoms which results in decreased force constants. When

a large fraction of the atoms in a samples are on or near the surface as

in very small particles the average vibrational frequency is lowered by

an amount sufficient to shift the weight a2F(w) to lower frequencies.

The parameter A, Eq. (2) is very sensitive to low frequencies. A T en-
c

hancement interpreted as from lattice softening was observed in isolated,

clean Al and In fine particles of , 100 A diameter.(16) In the same

work, no change in T was observed in Pb. Table 3 contains the enhance-c

ment factors T c/T c(bulk) for a group of elements.(10)

The first observation drawn from Table 3 is that amorphous

superconductors show the largest T -enhancements when there are enhance-c

ments. However, experiments show that the highest Tc in an AlS compound

is obtained for an ordered, stoichiometric material. (17) In most Nb-

based compounds, a measure of this state, besides the high-T c, is a mini-

mum lattice parameter (see Figure 2). An exception is that Nb-rich A15

Nb-Sn may have a small lattice parameter than the stoichiometric compound.

These experimnts include annealing
(18 - 20) and radiation damage studies.(21)

Because of this strong correlation between order and high-T c for the A15's,

F -enhancement through softening by forming amorphous materials is not
c

viable for these materials. This leaves softening through surface effects

in small particles as the only reasonable T -enhancement mechanism.

Kc
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Table 3

Measured Tc-enhancement factors. The
superscript b denotes values in bulk.

From Reference 10.

T b -- -- -- T-- - ---
T IP TF 02 LTD LTD,TF LTD,C

Al 0.38 1.16 1.6 1.8 1.9 2.30 4.8 5.0

Zn 0.38 0.85 1.60 2.1

Sn 0.60 3.72 1.1 1.1 1.30 1.6 1.9

In 0.69 3.40 1.1 1.1 1.1 1.20 1.3 1.4

Tl 0.71 2.38 1.10

HIg 1.00 4.16 I 1.0 0.95

Pb 1.12 7.19 . 1.0 1.0 1 0 1.00 1.0

,- ~.IP, isolated particles, TF, thin films. 02, evaporation in
oxygen. LTD, low-temperature deposition, LTD, TF, low-temperature depo-

sition, very thin films. LTD, C, low-temperature co-deposition with or-
ganic molecules, oxides, semiconductors, semimetals, or metals.

To study the plausibility of this mechanism we list some prop-

erties of the A15 and BI materials in Table 4.

Table 4

laterials properties and parameters used in T -enhancement
calculations, ao is the bulk lattice constant and the

suerscript b denotes that the items are bulk quantities.

a T b b

0A K

Vl-Si 4.722 17.00 1.28 0.16
4.722 17.00 1.10 0.20

Nb Sn 5.289 18.00 1.30 0.20

NbN 4.390 14.94 0.82 0.10

NbNo ,C .17 4.420 17.60 0.92 0.10

1i



The X listed are derived from McMillan's formula and depend on

the choices of o* and Debye temperature. (22) Superconducting tunneling

data provide a consistent set of vi*, X and <w>.(25) Tunneling data are

not available for many d- and f-band materials for the practical reason

that they are difficult to prepare pure and their short coherence length

makes results sensitive to surface impurities.(23) The materials listed

are the ones that Winter has claimed to have unusually enhanced mechani-

cal and superconducting properties.

2.4 Enhancement Model Based on McMillian Formula

All materials listed in Table 4 have a X Z 0.8. For the mate-

rials listed in Table 3, the measured T -enhancements decrease with in-c
creasing X and are nonexistent for the large X. A simple model used by

Mlatsuo et al. (24) for their T c-enhancement experiments on Sn, Al and Pb

small particles (see Table 3) is now applied to Winter's materials and

particle sizes. The results of this model for Sn, Al, and Pb are consis-

tent with the decrease in T -enhancement with increasing A.
c

The details of the derivation of the enhancement factor can he

found in Ref. 24 and is based on McMillan's formula [Equation (1)] and

expressions for <w> and <fW2> from Dickey and Paskin.(2 5) These moments

for small particles are decreased or softened because of the decrease in

force constants coming from a decrease in the number oF nearest-

neighbors of atoms near the surface. Results for different size narti-

cles are shown in Figure 3.

An important assumntion in all the softening-enhancement models

and in the simple model we use is that in the expression I = n/M <w2 > n

is taken as nearly or completely unchanged when the lattice exnands.

This assumption was an extension of Mc10illian's observation that n is

nearly constant within a given class of materials. The narameter * is

also assumed unchanged in this model. Putting aside for now the validity

of this assumption on , for the materials in Table 4, the whole change in

is from ;i change in and the change in T is from changes in p

c

121
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M-7- -7.

Table 5 compares the T of Winter and Sethna (S '6 ) and the Tc C
derived theoretically from Hatsuo et al. (23 ) Winter's Nb3Sn values are

to quote Reference 6, "the resulting" or "showed the" superconducting

property listed. The V3Si "showed superconducting fluctuations already

at 29 K." In all cases these data far exceed the theoretical prediction.

One could speculate on the divergence, but without an independent check

on the experimental results one tends to distrust the claims. There is

also a complete lack of discussion by Battelle on little things like ex-

perimental details of T measurements. One is aware that in a wellc

equipped and expertly staffed low-temperature laboratory these measure-

ments are routine, however startling results (even proprietary ones) re-

quire for their belief a detail exposition.

2.5 n and Ta-Enhancement

The theory used to generate T c/Tcb in Figure 3 and Table 5 does

not incorporate any difference in n between the bulk and a small particle.

A small particle of a material should have a lower density (larger lat-

tice constant, large molar volume) than the same substance in bulk be-

cause of the lattice relaxation (expansion) accompanying softening. This

may have a large deleterious effect on T .c

1opfield (26 ,27) observed that in the AlS Nb3Sn the Nb atoms are

closer together than in the element Nb and suggested this as the origin

of the large increase of rj for Nb3Sn over those of Nb. A rough dependence
-3.5

of 9 (molar volume) seems to hold for the AlS's and for V and Nb.

The decrease in n in small particles because of relaxation if large enough

could overcompensate for a decrease in <w2, because of softening with a

resulting overall decreased \ (and T ). The situation in the AlS's withc

respect to the assignment of dominance for high-T to soft modes or elec-
c(23)

tronics (n) is admittedly far from simple or clear.

1,N
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2.6 Low Fre{vencv _Phonon Lffects on .c

The analysis in Apnendix A, crude as it is, indicates that

softening that may exist in Winter's AIS materials will change T" neg]i-

giblv. The nitride and carbide comnosites will behave similarl.

(311
2.7 Proximity iffects

l'hest ei'fects can only lower the T of composites like
c

Battelle's The usual configuration for experimental and theoretical

studies of these effects is a sandwich of two metals cvallorated on( onto

the other. One metal is superconducting in bulk (S). the other i s nrmal

or only weakly sLuperconducting (N). The T of the sandwich is lower than
1*

that of the hi ,her-T superconductor alone, the decrease depending on the
thicknesses, DN and D1,, of the two films (see [igures 8 and 9).

N 5

The Batte lle material is a composite with i ;oiuted sUnercon-

ducting particles disnersed uniformly in "i r,ormal metal matrix. Routhlv

20o, by volume is superconductor in the best m;.terial . To estimate the

dec'e,,:e in T., this configuration is replaced by a sandwich with thick-

nesses 11, and D,_ --I (T ) and I) 1' -, 4 (see Ref. .3 ). Figure lPN -s N N
nlots the calculated reduced temperature I /T vs d , / (1 )

c cs C R " c
where T is the composite transition temperature and T = c h the iso-cs c

lated superconductor transition temperature. For the situation where
1/3 by volume is superconductor d 2 and T /T 0.5. A more accu-

s c cs
rate calculation that used measured resist ivit ies and specific heats,

( io )
A!1 owed for the normal metal thickness and oroper geomet r ,;hould show,

the same large depression.

[or the proximitv effect to operate iood electrical contact be-

ttrI' \a 't M mSt exist And % mus10;t lot dift'IIsc into S.

I II

1.xtensive work at Kcstin l'hoiise t5nder an AP()SR contract ind

elsewhere on (u- (Sn-Ge)- Nh systems showed that there is little diffiu-

'ion of Cui i Tito the Al 5 compounds . The good electrical contact between

the A.I) and the coa.tint (i is astired hv the clean] iness of the p-oces .

MLI
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Investigations of the extent of the proximity effect and usefulness of

obvious ways to defeat it are useful areas to pursue.

If the proximity effect is operating in the Battelle composite

and the probability is high that it is, the inescapable conclusion of

this section is that the Battelle process produces sizeable T Cdepression

Z 1/2 rather than a T -enhancement.
c

2.8 Further Considerations

There are two other considerations bearing on T -enhancements.
c

When X becomes too large materials can become unstable and transform

electronically or structurally. (3,37) The transformed state may have a
lower T c or not even be superconducting. The situation is far from clear.

The second consideration is the role of a sharply varying density of

states at the Fermi surface in raising T.. This consideration was first

studied by Labb6, Barisic and Friedel, 3)and recently by Nettel and

Thomas. (3)For present purposes an important point is that T cdepends

on am average of the density of states about the Fermi energy; the range of

energies in the averaging is roughly the width of phonon spectrum. Small

particle effects could change this averaging by moving the Fermi surface

relative to the density of states structure and changing the density of

states,. The consequences of these changes for T -_enhancement, needless

to say, arc difficult to predict.

20



3. UPPER CRITICAL FIELD He2

Large enough magnetic fields can destroy the superconductivity

of a material. This upper limit depends on temperature, T, and sample

condition and is called the upper critical field Hc2 (T). For extremely

thin or small samples the limiting field may denend strongly on the

sample dimensions showing an increase with decreasing dimensions. If

surface superconductivity is not considered, for the high-T materials
c

this sensitivity to dimensions is only important for sizes < < 50 A.

The Werthamer e al. theory (40 ) (WHH) relates the Hc2 at T = 0 K

to the normal state resistivity p, electronic specific heat y and T
c

This relation is

1c2 (0) f ( X, X ) p y T

where the known function (see Hake Ref. 41) f (a, so) accounts for nara-

magnetic and spin orbit effects. The parameters a, also depend on
so

the material properties. The variation of y with size probably can be

neglected for this assessment. The T -enhancements of Winter are insuf-C

ficient alone to account for the large flc2 -enhancements of their materi-

als. This requires the manipulation of resistivity by small particle and

composite effects to achieve the large reported Hc2-enhancements.

As stated in the U. S. Patent No. 4,050,1470 1 ) the Hc2-

enhancement was notivated by Watson's work on granular superconductors:

lead particles in an insulating matrix. In such a granular superconduc-

tor, the comd1ctivitv is limited by intergrain tunneling which can lead

to ,a very large rcsistivity.

For most hipgh-T materials the zero temperature finzburg-Landau

coherence length 75 A and for particle sizes greater than this coherence

21



length, the resistivity of the particle not the composite enters the WiE

theory. Furthermore the metallic matrix of the Battelle composites do

not provide tunneling barriers to limit the conductivity. If anything

the composite normal state resistivity will be lower than that of the

superconductor.

In bulk Nb3Sn, tic? (0) = 22 tesla, T = 17.8 K and a mean
C

free path . , 13 A is achieved (P - 1/). From the reported Hc2 data

(Table 1), mean free paths in the superconducting particles were extracted

using the conventional Werthamer et al. theory. Winter's best results in
0

100 A Nb3Sn particles are Hc2 = 71 tesla, Tc = 24.7 K with a mean free

path Q t 5 A. It is only remotely possible that extra scattering which

would shorten the mean free path is coming from the sunerconductor-normal

metal boundary. Thus, this mean free path is felt to be unphysical when
compared with the interatomic spacing [1/2 (lattice constant) = 2.64 Al

and, in view of the strong correlation between Tc , order and stoichiome-

try, incompatible with the high-T .
c

Because of the short coherence length for Nb3 Sn it does not

seem possible to increase Hc2 through small particle effects. The resis-

tivity would be limited by intragrain scattering not particle size. Ex-

periments also support this view for Nb3 Ge (4 2 ) and it is reasonable to

extend this view to all A15 and high-T materials. The situation for the

Bl's, especially NbN, is not clear cut. Some experiments on the 1tc2 of

NbN show no size effects (42) and support a view similar to the one that

obtains for the A15. Other experiments show a strong dependence of Hc2
. on film thickness. (45 ) Conclusion about Hc2-enhancements in the Bl's

cannot be made with the present information.



4. CONCLUSIONS AND DISCUSSION

Theoretical and experimental work point to the conclusion that

no T -enhancements from small particle effects should be expected forc

h i ji-Tc materials. Similarly, no 1lc, enhancements are expected from par-

ticle sizes in the 100 X range. The claims of Winter are believed to be

unreasonable extrapolations from an incomplete theoretical basis.

To reinforce our evaluation we report that negotiations to

obtain samples from Battelle for an independent evaluation by Westinghouse

resulted recently in admission by Battelle that these data were "not

directly measured . . . but rather derived by extrapolation from measure-

ments applying theoretical methods." Our present conclusion is that a

bre;4kthrough in obtaining higher Tc and ttc2 did not and is not expected

to occur in fine particle composites.

I'hough not documented in this report, an evaluation of the me-

chanical properties ,as made. In contrast to the negative assessment of

the superconducting behavior of the Battelle composites, the mechanical

properties and the mechanical load tolerance claimed are plausibly supe-

rior to both, conventional filamentary and "in-situ" wire. Whether

microparticle superconducting composites can be fabricated by Winter's

approach or some other technique to exhibit advantageous mechanical prop-

erties toiether with reasonable T.'s, lic2's and J 's, typical of A1S andc c

[1 bulk superconductors, remains to be seen.

Work in this direction was performed at Westinghouse employing

a t,,chniqie different from the arc plasma method. With partial support

of .\FO;R, C~harles et alI. at Westin ,house RID Center have recently pro-

duccd fine particles of M) by liquid sodium reduction, the particle size

ran, i|iig between 100 and SOO A. Critical temperature measurements of

loose particle ai,, lomeratcs of Nb rave T c S K while bulk Nb has
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T 9.3 K. We consider this to he ;in encouragini, result in view of tin-

avoidable contamination with sodium oxygen , etc. It singe sts that, per-

haps, fine powders of AIS or Bi compounds would also be obtained with

1's approachin- bulk values. Would the T not be degraded too much
C C

after molding into the normal matrix a ductile superconductor could

result exhibiting an attractive trade-off between superconducting and me-

chanical properties. An abstract of a talk on this work was submitted to

the "March" meeting of the American Physical Society (March 1978).(43)

In considering the arc-plasma synthesis it is important to note

that due to extremely fast quenching rates, and the ability to incorporate

controlled amounts of impurities, the process might be capable of pro-

ducing quantities of metastable (Nb3 Ge, Nb3Si?) or new compounds not ob-

tainable by metallurgical methods. Westinghouse has a ma or arc-plas;na

process development for the let Propulsion Laboratory that is aimed at

,enerating inexpensive pure silicon. A much smaller A15 or 5 1 arc- ilazi'u

synthesis program could ''ni ,'v back" on the on-goino effort

To utilize the mechanical advantages of small particle compo-

sites while maintaining acceptable superconducting behavior, proximitv

effects must be defeated and ac losses limited. A ,ood understanding, of

these effects is a first step in their control. The proximity effects

can also be present even when conductions occurs by percolation as in

recent "in-situ" confi,,urations.

1 ..4



APPENDIX A

The analysis of Bergman and Rainer (15 ) identifies the important
position of the phonon spectrum for T and provides insight into soften-

c

ing effects. Then work is briefly sketched and applied to the AIS in

this appendix.

These authors use the functional derivative 6T /6c2 F(w) to de-c

termine what frequency range of a2F(W) is important for T c . This deriva-

tive gives the change AT for a change A (U2 F(w)) and is defined by

r6(T
AT = dw c A (2F())

c S c2 F (w)

Their calculations show that 6T /Sa2F(w) rises linearly from zero to
c

0 and has a maximum at a frequency (energy) slightly above an "opti-

mum" 4w = 2-.kT and then falls off (see Figure 4). No calculationsC

are available or will be made of the functional derivative for the A1S's.

Instead the general properties or shape just described will be assumed

to hold for this new group of materials.

The general form of this function is superimposed on a2F() in

Figure 5. The peak of 6T /6a2F is placed at iu = 2wkT c . Figure 6 shows
c c

a shit't in G((K) (density of state from neutron scattering) induced by a

real softening; Nb3Sn softens when the temperature is reduced from 29
to 5.6 K. The change in <w2> is - 140%. If c2F(wo) in Figure 5 behaves in

a similar way when sotening is caused by small particle effects then a

negligible change in T from softening would be predicted. The phononc

density of states for V3 Si and V3Ga are presented in Figure 7 along with

the expected positions of the peak of 6T c/Sa2 F(w) at hwi z 2rkT c for the

two high-temperature A1S's. A comparison of G(w) and a 2 F(w) in Figure 5

-3
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for Nh Sn shows thei r ; imi lait v for low t'reqtiencies;. We ASSunle the

same holds for the other *\15' and becausev of' the smanv mes of (;i. ) necar

ht, 'i ki' nvi. I igihle changtes in Tr fronm softening is exnected. Th is is

consistent with exnerimcnts that transforminv and nontransformnip ViSi

haveF ' dife n n~for at most ,tvceral tenthis K. renlhIth

two forms have softened different lv. Two other AIS's, V Ce and NhAl

1look li ke k\ Si at low fre(luenc i c and there fore by an :i Iogou sly reaso)ning

%on Id 11ot ;hot% s in Iifti ~ant iha l in oll soit en inl" THi change in

2Si)
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