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mation for the ground state. In view of the previous 
studies,5,7 the use of a Bessel-like wave function for 
r<Ro and a modified hydrogen-like function for r>R0 

may lead to a ground-state energy lying below the one 
predicted by using just a hydrogen-like function. 

For the excited states, the modification of the Bessel-
like wave function leads to a negligible change in the 
energy levels, since the F-center electron spends most of 
its time in the Coulomb-like potential region. Hence, 
the choice of a hydrogen-like function for the 2p or 
the other higher state is expected to be a good 
approximation. 

Consequently, the approach to the problem of the 
trapped electron, which includes phonons and phonon-
electron interactions does raise the predicted position 

7 J. A. Krumhansl and N. Schwartz, Phys. Rev. 89,1154 (1953). 

THAT the magnetic behavior of hard superconduct­
ing tubes in a longitudinal field H, can be de­

scribed in terms of a single model depending on the con­
cept of a critical state,1 and a field-dependent critical 
current density, j c , where 

jo=a/(H+B0), (1) 

has been shown by Kim, Hempstead, and Strnad.2 In 
(1), a and Bo are constants depending on the tempera-

* The research reported in this paper was sponsored by the 
Electronic Technology Laboratories, Aeronautical Systems 
Division, Air Force Systems Command, Wright Patterson Air 
Force Base, Ohio, under Contract AF33 (657)7733. 

1 C. P. Bean, Phys. Rev. Letters 8, 250 (1962). 
2 Y. B. Kim, C. F. Hempstead, and A. R. Strnad, Phys. Rev. 

129, 528 (1963). 

of the energy level of a trapped electron relative to 
previous calculations and can bring the position of the 
energy level into line with recent experiment,8 due to a 
small quantity of positive energy contributed by the 
phonons. 
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ture and the properties of the medium. Anderson3 has 
shown that (1) can be obtained in terms of flux penetra­
tion through the specimen4,5 and the Lorentz force ex­
erted on a flux bundle by the current. When a pinning 
force on a flux bundle is exceeded, either the phenomena 
of flux creep or quenching can occur.1'6 

In the magnetization experiments of Kim et al.2 the 
current and field are perpendicular to each other, and 
the current is internally generated. An important ques­
tion concerns the extension of the above ideas to linear 
geometries where current is externally supplied. Apart 
from the practical significance of these geometries there 

3 P. W. Anderson, Phys. Rev. Letters 9, 309 (1962). 
4 A. A. Abrikosov, Zh. Eksperim. i Teor. Fiz. 32, 1442 (1957) 

[translation: Soviet Phys.—JETP 5, 1174 (1957)]. 
5 B . B. Goodman, IBM J. Res. Develop. 6, 63 (1962). 
6 C . J. Gorter, Nuovo Cimento 6, Suppl. 3, 1168 (1957). 

P H Y S I C A L R E V I E W V O L U M E 1 3 2 , N U M B E R 2 15 O C T O B E R 1 9 6 3 

Field and Angular Dependence of Critical Currents in Nb3Sn* 

G. W. CULLEN, G. D. CODY, 

RCA Laboratories, Princeton, New Jersey 

AND 

J. P. MCEVOY, JR. 

RCA Applied Research, Camden, New Jersey 
(Received 20 May 1963) 

Measurements have been made on the critical current of NbsSn vapor-deposited strips on ceramic material. 
The Nb3Sn was obtained from vapor deposition and is single phase without any preferred orientation in the 
plane of the strip. Critical currents were obtained at 4.2°K as a function of field up to 20 000 G, and as a 
function of the angle between the field and the current axis. Below 10 000 G a sharp rise in critical current by 
about a factor of two was observed for longitudinal fields, and a gradual decrease in critical current for 
transverse fields. Above 10 000 G the field and angular dependence is in good agreement with the predictions 
of the Lorentz force model of Kim et al. Below 10 000 G, the field dependence can be associated with a 
transition from an inhomogeneous to homogeneous current distribution with consequent lower local critical 
current densities. Experimental results are also reported for field shielding measurements on similar material 
in cylindrical form. Excellent agreement is obtained in both magnitude and field dependence with the strip 
data. 
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FIG. 1. Quenching current, for 
NbaSn strips normalized to maxi­
mum in longitudinal direction as a 
function of field for fields transverse 
and longitudinal to the specimen axis. 
For both configurations the quenching 
current is reproducible, and inde­
pendent of whether field or current 
is applied first, as long as the transi­
tion is made from the superconducting 
state. 

10 12 
H(KGAUSS) 

is the additional advantage that the angle between the 
applied field and the current can be changed furnishing 
a strong test of the Lorentz force model. We have made 
measurements of the critical currents of Nb3Sn strips 
as a function of magnetic field and the angle between 
the current and the applied field. We can interpret the 
field and angular dependence of the critical currents in 
terms of a simple extension of the Lorentz force model 
of Anderson.3 Consistent with this explanation of the 
critical current, we find agreement between the current 
densities obtained from the magnetic behavior of a tube 
of Nb3Sn and the current densities obtained for similar 
material in transverse fields where the current is exter­
nally supplied. Finally, we have observed for all samples 
what appears to be new phenomena: a sharp rise in the 
critical current for low longitudinal fields, and sub-

TABLE I. Characteristics of NbsSn samples. 

Sample 

69(6)-2-2 
74(6)-l-0 
75(3)-3-l» 
77(6)-l-l 
77(6)-2-0 

7> 
(°K) 

18.1 
17.6 
16.8 
18.0 
18.0 

ATC 
(°K) 

2.9 
0.8 
0.8 
0.2 
0.2 

Width 
(10~2 cm 

2.3 
1.1 
1.4b 

1.8b 

1.4 

Thick­
ness 

) (10~4cn 

32.0 
20.0 
27.0 
30.0 
23.0 

- ' m a x 

i) (105 A/cm2) 

15° 
32° 
24c 

12d 

19d 

a S tar t of ac t ransi t ion. 
b Nonrectangular cross section. 
c 20 kG. 
d 7.4 kG. 

sequent field independence up to the highest field applied 
(20 000 G). We believe the field enhancement of 
the critical current, (by as much as a factor of two) 
is evidence for an inhomogeneous current distribu­
tion in Nb3Sn at low fields as is observed for soft 
superconductors. 

In this letter we present critical current data on five 
Nb3Sn strips and one Nb3Sn cylinder. All samples of 
Nb3Sn that we have examined show similar characteris­
tics; the samples presented were chosen for the range 
of behavior displayed. The samples were obtained from 
material obtained by a gas-phase deposition technique 
for Nb3Sn on polished ceramic flats.7,8 Photomicro-
graphic and x-ray analyses showed the strips to be 
single phase with a columnar structure perpendicular to 
the plane of the strip, but with no preferred orientation 
in the plane of the strip. The stoichiometry was close 
to that for Nb3Sn. Each flat was formed by sand blast­
ing into dumbbell shaped strips whose dimensions are 
given in Table I. The transition temperatures deter­
mined by an ac inductance method9 are also given in 
Table I. 

7 J. J. Hanak, in Metallurgy of Advanced Electronic Materials, 
edited by G. E. Brock (Interscience Publishers, Inc., New York, 
1963), p. 161. 

8 G. W. Cullen (to be published). 
9 J. Cooper (private communication). The scatter in transition 

temperatures is associated with slight compositional variations; 
cf. J. J. Hanak, G. Cody, J. Cooper, and M. Rayl, in Proceedings of 
the Eighth International Conference on Low-Temperature Physics, 
London, September 1962 (to be published). 
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Critical currents were determined by the first sign 
of voltage on an amplifier whose noise level was 0.2 /xV. 
Potential and current contacts were made to nickel or 
copper plated regions on the strip. The length of the 
specimen between current contacts ranged from 4 to 
7 mm. Indium solder was used for contacts, which at the 
temperature of the present experiment were nonsuper-
conducting (4.22°K). Flux-shielding measurements 
were made on cylinder No. 77 in the manner of Kim 
et al? These measurements will be described in another 
paper.10 Only the presently relevant results will be 
given here, namely, the derived critical current density 
as a function of field. 

Figure 1 shows the critical current as a function of 
field for both transverse and longitudinal configurations 
for several samples. The data are normalized to the 
highest current density obtained in a longitudinal field. 
Figure 2 shows the angular dependence for the same 
specimens at constant field, again normalized to the 
longitudinal configuration. The curves in Figs. 1 and 2 
are theoretical, based on a model to be discussed sub­
sequently. Table I gives the maximum current density 
obtained for each sample. The scatter in values can be 
either associated with geometrical uncertainties or slight 
compositional variations.9 

We associate the sharp rise in quenching current for 
longitudinal fields less than 8000 G with a transition 
from a superficial to a uniform current distribution. 
In zero-field the current is largely confined to within a 
penetration depth11 (0.3 \x) of the edge. I t is clear that 
such a distribution should exhibit larger edge fields than 
the uniform distribution, and hence, should have con­
siderably higher current densities at the edge and corner 
of the strip.12 I t is a basic assumption of the present 
paper that the motion of flux in Nb3Sn at the high 
levels of current density leads to quenching through local 
heating.6 For this case, the sample will therefore quench 
in a Silsbee-type mechanism determined by a critical 
current density at the edge of the strip. The rise in 
critical current with longitudinal field is thus not a func­
tion of any preferred orientation in the specimen, but 
is due to the homogeneous distribution established by 
the field with consequent lower local current density. 
On the basis of the Lorentz force model we expect the 
longitudinal field critical current for high fields to be 
independent of external field, as is seen in Fig. 1. 

The second assumption of the present letter is thus 
that there are two regions of external field to consider. 
Below about 8000 G flux penetration is not yet com­
plete; the current distribution is still somewhat in-
homogeneous, and the superconducting to normal transi­
tion dominated by a Silsbee-type mechanism. Above 

10 J. P. McEvoy (to be published). 
11 G. Cody, J. Hanak, and M. Rayl, in Proceedings of Eighth 

International Conference on Low Temperature Physics, London, 
September 1962 (to be published). The results quoted in this 
publication have been reduced by a factor of 1.4 to take into ac­
count more accurate data on the perimeter of the Nb3Sn wires. 

12 E. H. Rhoderick and E. M. Wilson, Nature 194, 1167 (1962). 
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FIG. 2. Quenching current, for Nb3Sn strips shown in Fig. 1, 
normalized to maximum in longitudinal direction as a function of 
angle at constant field. 

8000 G one assumes essentially complete penetration 
and that the Lorentz force arguments of Anderson3 

apply. 
The simplest modification of (1) to take into account 

the nonperpendicular field of the present experiment is 

jc(Hsmd+B0) = a, (2) 

where 0 is the angle between the field and the axis of 
the strip. Thus, if we assume the critical current, 7C, to 
be parallel to the axis we obtain 

IM/IC(0°) = K/(H sind+K), (3) 

where K and 7C(0) are functions of a, BQ and the geom­
etry of the strip. If one includes the field produced by 
the current we can obtain an expression of the form 

Ie(P)/Ic(P°) 
= (1/K'){-H sin<9+[#2 sin20+ (iT)2]1 '2}. (4) 

Equation (4), although it corresponds to a physically 
distinct situation, differs by about 10% from (3) over 
the entire range in field. Given the crudeness of the 
model we will use (3) rather than (4) in the analysis of 
the data. 

Equation (3) predicts an Ic independent of field in 
the longitudinal configuration. The prediction agrees 
with experiment for fields above about 8000 G. For the 
transverse case we can determine the constant K from 
the maximum anisotropy shown in Fig. 2 at a given 
field. Curves based on this "experimental'' value of K 
are shown in Fig. 1 and again the agreement is good 
above 8000 G. 
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FIG. 3. Comparison between normalized critical current densi­
ties obtained for Nb3Sn strips and current densities obtained from 
magnetization of Nb3Sn cylinder. Both the strips and the cylinder 
were prepared in the same deposition run (77). 

The angular variation predicted by (3) is shown by 
the solid lines in Fig. 2, for field values shown in the 
figure. The agreement is good, and could be improved 
if a slight angular variation in the current density about 
the strip axis were taken into account in (3). Indeed, as 
shown by sample 69(6)-2-2 in Fig. 2, the field variation 
of the angular dependence is also in good agreement with 
(3) for H= 10 000 G and H= 20 000 G. 

For comparison with the work of Kim et al.,2 the data 
of Fig. 3 are given. This figure shows the transverse and 
longitudinal field dependence for two strips from deposi­
tion run 77. The absolute values of critical current densi­
ties for the strips at 7500 G are in fair agreement with 
each other, within geometrical uncertainties. More 
significant, they are in good agreement with the current 
density at this field derived from magnetization meas­
urements on cylinder 77, prepared in the same deposi­
tion run. The smooth curve in Fig. 3 is the curve ob­
tained from (2) determined by the angular variation of 
77(6)-2-0; it is identical with the field dependence ob­

tained from the magnetization10 i.e., 

6.35X106 

Jc= A/cm2. (5) 
#+3 .5 

It is a striking confirmation of the ideas of Kim et al.2 

and Anderson3 that the distinct experiments; trans­
verse field dependence of critical current, constant field 
angular variation of critical current, and flux shielding 
by a cylindrical tube, should agree so well in magnitude 
and functional dependence with the predictions of the 
Lorentz force model. 

Similar angular dependences as in Fig. 2 have been 
observed previously for other hard superconductors13 

but the material was strongly cold worked, and pre­
sumably had a preferred orientation. Some of the models 
described by these authors have an angular depend­
ence similar to (3), but do not give the proper field 
dependence. 

A maximum in critical current with applied field has 
been observed previously, but appeared to be associated 
with preferred orientation, and occurred at considerably 
higher fields than the rise in critical current observed in 
the present experiments.14-16 

The significance of the present results appears to be 
the following: first, evidence for Silsbee-type current 
quenching in single phase Nb3Sn at low fields; second, 
evidence for the ability of a longitudinal field to estab­
lish a uniform current distribution in Nb3Sn that is 
field-independent; third, evidence for the role played 
by the Lorentz force, not only in limiting the critical 
current in transverse fields, but also in determining the 
angular variation of critical current with applied field; 
fourth, a demonstration of the agreement between 
critical current densities obtained by the flux shielding 
technique of Kim et al.2 and direct measurements of 
critical currents. Finally, the present work again indi­
cates the possibility of enhanced current capacities for 
solenoid configurations that minimize Lorentz forces due 
to the solenoid field. 

Work is continuing on the temperature dependence of 
these effects, and their relation to other superconduct­
ing properties of Nb3Sn. 

13 J. G. Daunt, M. Krietman, W. Baltensperger, and J. L. Olsen, 
Cryogenics 2, 212 (1962). 

14 P. R. Aron and H. C. Hitchcock, University of California,Lawr­
ence Radiation Laboratory Report UCRL-10087 (unpublished). 

15 R. R. Hake and D. H. Leslie, in Proceedings of the Eighth 
International Conference on Low Temperature Physics, London, 
September 1962 (to be published). 

16 S. T. Sekula, R. W. Boom, and C. J. Berjeron, AppL Phys. 
Letters 2, 102 (1963). 


